Aeroacoustic Field of Multiple Ideally Expanded Supersonic Jets of Mach Number of 2.0 by YUTA OZAWA
Aeroacoustic Field of Multiple Ideally












    
Aeroacoustic Fields of Multiple Ideally 
Expanded Supersonic Jets of 





Department of Aerospace Engineering 
Graduate school of Engineering,  
TOHOKU UNIVERSITY 
               
YUTA OZAWA 
                
(ID No.    B7TD1603    ) 
 
 
指 導 教 員           野々村 拓   准教授 
研究指導教員  
審 査 委 員 
（○印は主査） 
 ○ 浅井 圭介   教授 
 1  大林 茂     教授   2  服部 裕司   教授 
3  野々村 拓 准教授 
 
TOHOKU UNIVERSITY
Graduate School of Engineering
Aeroacoustic Fields of Multiple Ideally Expanded Supersonic Jets
of Mach Number of 2.0
(マッハ数2.0の複数適正膨張超音速ジェットの空力音響場)
A dissertation submitted for the degree of Doctor of Philosophy (Engineering)





Aeroacoustic Fields of Multiple Ideally Expanded Supersonic Jets of Mach Number of 2.0
Yuta OZAWA
Abstract
The present study experimentally investigated the aeroacoustic fields of multiple supersonic jets aiming for a
comprehensive understanding of the jet interaction. A supersonic jet, which is the exhaust gas of a rocket engine
emits strong acoustic waves that vibrate the payloads of a rocket such as an artificial satellite and leads to the
malfunction. Although a lot of studies have investigated the acoustic waves emitted from a single supersonic jet, the
aeroacoustic fields of multiple supersonic jets had rarely been investigated in contrast to the propulsion system of
multiple rocket engines which is often employed for a recent rocket. The present study focuses on the fundamental
interaction of supersonic twin jets and the aeroacoustic fields of the laboratory-scale jets were investigated at the
ideally expanded conditions. The results in the present study contribute to a clarification of aeroacoustic fields of
multiple supersonic jets and to providing a detailed database for constructing the prediction model.
Firstly, the two types of analysis methods for a laboratory-scale supersonic jet are developed and the verification
of these analysis methods was performed using a single supersonic jet with the nozzle exit diameter of 10 mm
corresponding Reynolds number is Re = 106. One is the velocimetry for estimating the convection velocity
based on the schlieren image velocimetry (SIV) using the single-pixel ensemble correlation and the other is the
visualization of acoustic waves based on the frequency-domain proper orthogonal decomposition (POD) analysis.
The velocimetry using the single-pixel ensemble correlationmethod is significantly effective for a supersonic jet and
velocity fields with a high spatial resolution of 130 um/vector was achieved both particle image velocimetry (PIV)
and SIV. The results of SIV show the qualitative velocity fields of a supersonic jet. The maximum velocities of SIV
calculated from the shadowgraph and schlieren images are approximately 0.8 and 0.7 times that of PIV, respectively.
This difference is due to the difference in the scales of visualized turbulent structures on shadowgraph and schlieren
images. In addition, the maximum velocity of shadowgraph images agrees well with the convection velocity
estimated from the Mach wave emission angle. The visualization of acoustic waves using the frequency-domain
POD effectively extracts the propagation pattern of theMachwave and screech tone from the time-resolved schlieren
images. The omnidirectional propagation pattern of screech was observed at St = 0.125 which corresponds to the
fundamental screech frequency observed in the microphone measurement.
Secondly, the Reynolds number effect on the aeroacoustic fields of a supersonic jet was investigated because
the constant mass flow rate of a single jet and twin jets makes the nozzle exit diameter of the twin jets nozzle small
resulting in the decrease in the Reynolds number. The ideally expanded supersonic jet at the Mach number of 2.0
was reproduced. In addition to the Reynolds number of a single jet (Re = 1.0×106) and twin jets (Re = 7.0×105),
a supersonic jet of which the Reynolds number is one-order lower (Re = 1.0 × 105) were also employed for
the experiment. The present study focused on the laminar-to-turbulent transition which is one of the important
phenomena characterizing the aeroacoustic fields so that the experimental results of a transitional jet should be
interpreted carefully. The effect of the disturbance added in the inlet was also investigated because the disturbance
can change the turbulent features of the shear layer such as the transition of the shear layer. The results of PIV
indicate that the laminar-to-turbulent transition occurs in the case of low-Reynolds-number jet (Re = 1.0 × 105).
The transition causes the change of the shear-layer-growth rate at x/D ≈ 1.8 and a significant increase in turbulent
fluctuations near the transition point. The POD analysis of the schlieren images implies that this increase in
turbulent fluctuations can be a strong noise source for generating the Mach wave. The increase in overall sound
pressure level (OASPL) due to the Mach wave emission was also observed in near-field acoustic measurements.
Thus, these results indicate that the transition is a strong noise source for generating the Mach wave. In addition,
the disturbance added in the inlet can promote the earlier transition and suppress a significant increase in turbulent
fluctuations in the case of the low-Reynolds-number jet (Re = 1.0 × 105). The disturbance seems to make the
aeroacoustic fields of a transitional jet similar to those of a high-Reynolds number jet.
Finally, the aeroacoustic fields of twin jets were experimentally investigated and the effect of the interaction
on the aeroacoustic fields was investigated with changing the nozzle spacing (s/D) of each jet. The results of PIV
showed that the interference rapidly occurs at the upstream side in the case of the narrow nozzle spacing and each
jet elliptically spreads towards the downstream side due to the strong interaction. On the other hand, the effect
of the interaction decreases with increasing the nozzle spacing and the averaged velocity fields of s/D = 5 does
not have any effect of the interference. The turbulent statistics of twin jets showed that the maximum absolute
value of Reynolds stress in the shear layer of the symmetry side of twin jets decreases with decreasing the nozzle
spacing. The dynamic mode decomposition (DMD) analysis of double-pulsed schlieren images showed that two
DMD modes with high amplitude appear at the high frequency and the low frequency regardless of the nozzle
spacing. The interaction of the high frequency asymmetrically occurs near the end of the potential core and it
seems to relate to the generation of the broadband shock associated noise. The interaction of the low frequency in
the case of s/D = 1.55 shows the symmetric coupling of large-scale turbulent structures at the downstream side
and this relates to the noise amplification of the low frequency observed in the far-field OASPL distribution. The
effect of the azimuthal angle φ on the OASPL appears in the case of s/D ≥ 2 due to the shielding effect. The
region of noise reduction due to the shielding effect decreases with increasing the nozzle spacing because of the
changes in the shadow zone. The shielding effect only appears at the downstream side because the total reflection
of the acoustic wave occurs due to the low incident angle of the acoustic waves at the downstream side.
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A supersonic jet flow is often used for a propulsion system of aerospace transportation systems
like a rocket as shown in Fig. 1.1. The supersonic jet of a rocket engine emits strong acoustic
waves that are harmful to the payloads of a rocket. When a rocket launch from the ground, strong
acoustic waves generated from a supersonic jet are reflected on the ground surface and propagate
towards the payload at the upstream side of a supersonic jet. These acoustic waves vibrate the
fairing of a rocket and vibrates a payload such as an artificial satellite. This vibration may lead to
the malfunction of an artificial satellite because its structure is fragile. In general, the vibration
tests of an artificial satellite which require huge cost and time are performed many times in the
development phase of an artificial satellite. Therefore, the prediction and the reduction of the
acoustic waves generated from a supersonic jet is indispensable for the cost reduction and the
improvement of the international competitiveness in aerospace engineering.
The sound pressure level of the rocket launch had been predicted by the semi-empirical
method which is based on a lot of experimental data (Eldred, 1971). This semi-empirical
method has been used for a long time while its prediction has a difference with that of the
actual sound pressure level because the physical mechanism of the noise generation has not
been discussed well. Therefore, the noise generation mechanism of a supersonic jet has been
investigated by many researchers from both sides of the theoretical and experimental studies
(Seiner and Yu, 1984; Tam, 1995; Raman, 1999b; Morris, 2007; Bailly and Fujii, 2016). The
recent development of the computational system enables us to predict the supersonic jet noise
using computational fluid dynamics (CFD) and computational aeroacoustics (CAA). Tsutsumi
et al. (2015) achieved the 3 dB attenuation of the sound pressure level with the launchpad
optimized by CFD. The accuracy of the prediction method for the liftoff acoustics was found
to be 4 dB in overall sound pressure level (Tsutsumi and Terashima, 2017). Therefore, its
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Figure 1.1: Liftoff of H-IIB rocket. ©JAXA
prediction accuracy is still limited while the new prediction methods using CFD and CAA
achieved a certain reduction of the acoustic waves.
Recent rockets often have a propulsion system that consists of small multiple rocket engines
in contrast to a conventional rocket with a single powerful engine. This design change in a
propulsion system leads to the mass production of a rocket engine and reduces the manufacturing
cost. Moreover, the multiple rocket engine system improves the reliability of a space mission
because a rocket can continue a mission using other normal engines if one engine stops. For
instance, the Falcon 9 rocket developed by SpaceX in the United States has 9 engines for a
propulsion system as shown in Fig. 1.2 and Falcon 9 can successfully complete the mission even
if two rocket engines shut down. A next-generation rocket in Japan which is called H3 rocket is
also planned to equip two or three multiple engines. Therefore, the rocket design using multiple
engines can be a mainstream of a future propulsion system of a rocket.
Although the recent rocket often equips such multiple rocket engines, the aeroacoustic
fields of multiple supersonic jets have rarely been investigated because the prediction model
as mentioned above had considered only a single supersonic jet. The conventional prediction
method cannot simply be applied to themultiple supersonic jets because the interaction of each jet
may significantly affect on the sound pressure level and the directivity of the supersonic jet noise.
Therefore, the applicability of the conventional prediction method for the multiple supersonic
jets is still unclear and the detailed database of aeroacoustic fields is required for a comprehensive
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Figure 1.2: Multiple rocket engines of Falcon 9 rocket developed by SpaceX in
the United States. ©SpaceX
understanding of the multiple supersonic jets noise and constructing the prediction model.
1.2 Aeroacoustic Fields of a Single Supersonic Jet
The aeroacoustic fields of a supersonic jet depends on its operating condition which is mainly
determined by the design Mach number of a nozzle and the operating pressure ratio. The
convergent-divergent nozzle which is used for realizing a supersonic jet consists of the first con-
vergent part and the second divergent part as its name suggests. The first part is for accelerating
the subsonic flow to the sonic speed and the second part is for accelerating the flow with the
sonic speed to the supersonic flow. The streamwise position where the flow reaches the sonic
speed is called the throat of the nozzle and its cross-section is smallest in the nozzle. The
design Mach number of the nozzle defined as the ratio of the cross-section between the throat
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Here, γ is the specific heat ratio. Thus, the performance of a nozzle that achieves supersonic
flow is ideally determined by the cross-sectional area ratio of a nozzle between the throat and
the nozzle exit. A supersonic jet at the design Mach number can be reproduced if the ideal
pressure ratio is applied between the nozzle inlet and the outlet. A pressure ratio of the stagnation
pressure p0 and the ambient pressure p∞ is called the nozzle pressure ratio (NPR). Assuming
the one-dimensional isentropic flow, the NPR can be calculated using Eq. 1.2 where Mj is the












When the chosen fully expanded Mach number Mj corresponds to the design Mach number Md
of the convergent-divergent nozzle, an ideally-expanded supersonic jet is achieved and the jet
pressure p at the nozzle exit is equal to the ambient pressure p∞. Note that the supersonic jet
flow of this condition is free from shock waves ideally when the cross-sectional geometry of the
nozzle is optimized by the method of characteristics of compressible flow. If the fully-expanded
Mach number Mj is larger or smaller than the design Mach number Md , the shock waves appear
in the supersonic jet flow. The former condition is underexpanded conditions (p > p∞), and the
latter condition is overexpanded conditions (p < p∞).
Themodern theory of aerodynamic noise is firstly developed byLighthill (1952) andLighthill
(1954) and its objective was to understand the noise generation mechanism of a jet engine of
an airplane. Lighthill derived that the power of aerodynamic noise is proportional to the eighth
power of the flow velocity and this relation agrees well with the experimental results of a
subsonic jet (Lush, 1971; Tanna, 1977a; Goldstein, 1974). Even these early works describe
the generation mechanism of jet noise, there is still difficulty in the prediction of jet noise.
Therefore, the generation mechanism of the acoustic waves emitted from a supersonic jet had
been investigated for seventy years because the supersonic jet noise can be a serious problem
in engineering fields as mentioned above. The recent development of the computer allows us
to predict the supersonic jet noise computationally and there are many studies about supersonic
jet noise from both sides of the experiments and the computations (Seiner, 1984; Tam, 1995;
Raman, 1999b; Morris, 2007; Bailly and Fujii, 2016).
The acoustic waves generated from a single supersonic jet can be classified as shown in
Fig. 1.3 (Tam, 1995). The supersonic jet noise can be roughly divided into the turbulent mixing
noise and the shock associated noise which consists of screech and broadband shock associated
noise. Note that the shock associated noise does not appear in the case of an ideally-expanded
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supersonic jet because it is free from the shock waves. Thus, the turbulent mixing noise is the
dominant noise source of an ideally-expanded supersonic jet. On the other hand, the shock
associated noise is pronounced when a supersonic jet is operated at off-design conditions and















Figure 1.3: Classification of the acoustic waves emitted from a supersonic jet
(Tam, 1995).
1.2.1 Turbulent Mixing Noise
The turbulent mixing noise is generated from the convection of the turbulent structures and it
is further classified by the scale of the turbulent structure responsible for the noise generation
(Tam, Golebiowski, and Seiner, 1996). Figure 1.4 shows the similarity spectra of two turbulent
mixing noises. The solid line of Fig. 1.4 shows the spectrum of the acoustic wave generated
from large-scale turbulent structures which is called the Mach wave (Fig. 1.5). The Mach wave
spectrum has a relatively sharp peak and it decreases linearly. It is well known that the Mach
wave is dominant noise source of a supersonic jet in downstream side. Morris and Tam (1977),
Tam and Burton (1984a), and Tam and Burton (1984b) explained the generation mechanism of
the Mach waves with a model that uses supersonic instability waves as a noise source. Tam
and Hu (1989) found the three families of instability waves which have different propagation
characteristics from the comprehensive stability analysis. One of the instability wave is the
familiar Kelvin-Helmholtz instability wave which is the dominant noise source of a supersonic




Figure 1.4: Similarity spectra for the two components of turbulent mixing noise
(Tam, Golebiowski, and Seiner, 1996). solid line: large-scale turbulent strcutures;
dashed line: fine-scale turbulent structures.
Figure 1.5: Shadowgraph visualization of the Mach wave radiation of Mach 2.0
cold jet (Tam, 2009).
The spectrum of acoustic waves generated from fine-scale turbulent structures is shown
in the dashed line of 1.4 and it has a broadband peak and gentle decay. This acoustic wave
omnidirectionally propagates and dominates in the upstream side where the outside of the Mach
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wave radiation. Therefore, the similarity spectrum of fine-scale turbulent structures fits the data
well at the upstream side of the jet while the spectrum of large-scale turbulent structures fits the
data well at the downstream side. The spectra at the other angles can be fitted by the combination
of these two spectra. These two turbulent mixing noises were also characterized by Viswanathan
(2004) and Viswanathan (2006). Panda and Seasholtz (2002) and Panda, Seasholtz, and Elam
(2005) performed the Rayleigh-scattering measurement which can non-intrusively obtain the
density fluctuation inside a small volume and provided the evidence of two noise sources. The
cross-correlation between the acoustic signal and the density fluctuation indicated that the strong
noise source is located at the end of the potential core of the jet.
The prediction of jet noise usingCFDandCAAhas also been conducted bymany researchers.
Bogey and Bailly (2007) performed large-eddy simulation (LES) and the similar conclusions to
that by Panda, Seasholtz, and Elam (2005) were obtained from the correlation between the flow
and acoustic fields. Bogey and Bailly (2010) and Bogey, Marsden, and Bailly (2012) computed
a subsonic jet flow and showed that the initial condition at the inlet significantly affects the
shear layer development and the acoustic wave radiation. The effect of the initial condition on
a supersonic jet noise have computationally been investigated by Nonomura and Fujii (2013).
They showed that the disturbance added in the boundary layer of the nozzle promotes the
laminar-to-turbulent transition of the shear layer and reduce the noise radiation in the case of a
moderate Reynolds number jet (Re ≈ 105). The effect of the initial condition on a supersonic jet
of which a Reynolds number is high (Re ≈ 106)was also investigated by Nonomura et al. (2016)
and Nonomura et al. (2019). Their computations showed that the prediction using CFD/CAA
can estimate the far-field sound pressure level of an ideally expanded jet within an error of 2 dB
if the appropriate inlet boundary condition was set for the computation. Despite the accuracy
of the computational prediction achieves that of the conventional experimental techniques, it
requires the iterative calculations to determine the appropriate initial conditions. This leads to
an increase in computation costs and a decrease in practicality. In addition, the applicability
of the prediction method for multiple jet noise is unclear because the conventional prediction
method had been developed for noise prediction of a single jet.
1.2.2 Shock Associated Noise
The aeroacoustic fields of multiple supersonic jets have often been investigated in the shock-
containing jet because the strong coupling mode appears in the closely spaced twin jets with the
shock waves. Although the supersonic jet of the present study is basically free from the shock
waves, it is still significant to understand the aeroacoustic fields of twin jets containing the shock
7
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waves for comparing the aeroacoustic fields. Therefore, the basic characteristics of the shock
associated noise emitted from a single jet are explained in this section.
The shock associated noise including the broadband shock associated noise and screech
only appears when a supersonic jet has quasi-periodic shock-cell structures inside the potential
core of the jet. Thus, the shock associated noise should be concerned when a supersonic jet
is operated in off-design conditions as described above. Figure 1.6 shows the typical noise
spectrum of a supersonic jet. A Strouhal number which is non-dimensional frequency is defined
as St = f D/U j where f , D and U j are the frequency, the diameter at the nozzle exit and the jet
velocity at the nozzle exit, respectively. Both of the shock associated noises appear at a relatively
higher frequency than the peak frequency of the turbulent mixing noise. The discrete frequency
component with a high sound pressure level is screech tone and its peak frequency is consistent
regardless of the observer positions. The broadband shock associated noise has a relatively mild
peak on the high-frequency side of the screech tone and its peak frequency changes with the
observer positions due to the Doppler shift effect.
Figure 1.6: Typical noise spectrum of a supersonic jet (Tam, 1995).
Harper-Bourne and Fisher (1974) firstly identify the broadband shock associated noise and
they developed a theoretical model regards each shock-cell end as an arrayed noise sources.
The relative phase of each source is determined by the convection of the large-scale turbulent
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structure passing through the tip of each shock-cell. The peak frequency of the broadband shock
associated noise fp can be calculated using Eq. 1.3 from this model.
fp =
uc
Lsh(1 − Mc cos θ)
(1.3)
Here, uc is the convection velocity of large-scale turbulent structures, Lsh is the averaged
shock-cell length, Mc = uc/a∞ is the convection Mach number with respect to the ambient
sound speed a∞. θ is the observer angle from the downstream jet axis. It is obvious that the
peak frequency of the broadband shock associated noise decreases with increasing the observer
angle. This equation showed good agreements with previous experimental results (Tanna,
1977b; Norum and Seiner, 1982; Seiner and Yu, 1984). The shock-cell length Lsh can estimate
as Lsh ≈ 1.18βD j where β = (1 − M2j )
1/2 and D j is the fully expanded jet diameter (Tam,
Parrish, and Viswanathan, 2014). Harper-Bourne and Fisher (1974) also suggests that the noise
intensity scales the second powers of β in the case of convergent nozzles. This relation was
generalized by Tam and Tanna (1982) and they showed that the noise intensity is proportional
to the (M2j − M
2
d )
2 in the case of the convergent-divergent nozzle. The detailed investigation of
the shock associated noise was also performed by Viswanathan, Alkislar, and Czech (2010) and
André, Castelain, and Bailly (2013).
Screech tone was firstly observed by Powell (1953a) and Powell (1953b) and its generation
mechanism has been investigated for a long time (Raman, 1999b). The generation mechanism
of screech is based on the feedback loop of the shear layer and the acoustic waves. The vortex
structures are generated at the nozzle exit where the shear layer is significantly thin at the first
stage. These vortex structures are convected towards the downstream side. The acoustic wave
is generated due to the interaction between the shock wave and the vortex structures when the
vortex structures are passing through the shock wave. This acoustic wave propagates towards the
upstream side and excites the instability at the nozzle exit resulting in the generation of another
vortex structures at the nozzle exit. This feedback loop causes the sharp peakwith large amplitude
of screech. Suzuki and Lele (2003) computationally investigated the generation mechanism of
the acoustic wave due to the interaction of shock waves and vortex structures and they showed
that the leakage of the shock wave occurs near the saddle point of the vortex structures. This
shock leakage causes the pressure gradient as the acoustic wave which propagates towards the
upstream side. Powell (1953a) identified the four modes of screech tone of an axisymmetric
cold jet. The axisymmetric modes A1 and A2 are observed in the relatively lower Mach number
jet (Mj ≤ 1.3). The flapping mode B and helical mode C appears in a supersonic jet with higher
Mach numbers. Finally, the mode D is classified as a sinuous/flapping mode. These modes
9
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have been investigated by many researchers with various operating conditions of a jet (Panda,
1999; André, Castelain, and Bailly, 2011; Edgington-Mitchell et al., 2014; Mercier, Castelain,
and Bailly, 2016).
The peak frequency of screech fs was firstly modeled by Powell (1953a), considering the
axisymmetric mode with the assumption of the constant convection velocity. The model is
based on a linear array of monopole sources of which phase was determined by the convection
velocity of the vortex structures. He supposed that the screech period corresponds to sum of
the convection time of the vortex structures from the nozzle exit to the source position and the
propagation time of acoustic wave from the source position to the nozzle exit. Equation 1.4







Here, n is an integer which indicates the number of vortex structures in the screech feedback
loop. The screech frequency cannot be accurately estimated because the convection velocity is
not uniform and the reported position of noise source is between the third and the fifth shock
wave (Panda, 1999). Therefore, this model was extended by Powell, Umeda, and Ishii (1992)







Here, nsh are an integer which indicates the noise source position of nsh-th shock-cell. Equa-
tion 1.5 represents that the n vortex structures which have responsibility for generating the
acoustic wave are included in the distance from the nozzle exit to the noise source position of
nsh-th shock-cell. Gao and Li (2010) computationally estimated these two integers for various
modes. The convection velocity of the large scale structure is an important parameter not only
in prediction of screech frequency but also in the compressible shear layer growth rate (Bog-
danoff, 1983; Papamoschou and Roshko, 1988). However, the accurate estimation of convection
velocity uc is also difficult while uc = 0.7u j where u j is the fully expanded jet velocity is often
used (Harper-Bourne and Fisher, 1974). The ratio of the convection velocity and the jet velocity
have been investigated by many researchers in various Mach number(Mercier, Castelain, and
Bailly, 2016; Gao and Li, 2010; Powell, Umeda, and Ishii, 1992). Although screech has intense
amplitude with a sharp peak even in the case of a single jet, the screech excites a strong coupling
mode in the case of twin jets configuration. The detailed explanation of this coupling mode is
described in the next section.
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1.3 Aeroacoustic Fields of Multiple Supersonic Jets
The aeroacoustic fields of multiple supersonic jets have rarely been investigated while recent
rockets are equipped with multiple engines. Raman and Taghavi (1996) and Miles (1999) ex-
amined the multiple jets interaction for the objectives of the mixing enhancement and the noise
reduction in supersonic mixer-ejector nozzles. They employed four linear arrayed supersonic jets
of which cross-section is rectangular and synchronized the screech instability of four rectangular
jets by adjusting the nozzle spacing precisely. Their results show that the synchronized multiple
jets grow earlier than the unsynchronized multiple jets and the rapid mixing of the synchronized
multiple jets cause the noise reduction. Umeda and Ishii (1997) and Umeda and Ishii (2001)
investigated the oscillation modes of screeching multiple jets using a cylindrical nozzle. Their
experiment employed single jet, twin jets, and four jets with square configuration and they iden-
tified the different oscillation modes develops with increasing NPR in each nozzle configuration.
Recently, Coltrin et al. (2013) and Coltrin et al. (2014) experimentally investigated the aeroa-
coustic fields of 8 × 8 arrays of axisymmetric supersonic jets for the objectives of the acoustic
load reduction of piping systems. Their results show that the interaction of shock waves gener-
ated from each jet strongly correlates the sound pressure level. However, the flow field of 8 × 8
arrays of jets is too complicated to understand the physics of the interaction between each jets.
Moreover, all of these works described above only investigate the shock-containing supersonic
jets of which acoustic fields strongly influenced by the shock associated noise. Therefore, the
fundamental interaction of aeroacoustic fields of multiple jets should be discussed considering
the simplified conditions such as twin jets with an ideally expanded condition.
1.3.1 Coupling Mode of Twin Jets
In the 1980s, the aeroacoustic fields of twin jets were focused because the twin jets plume
cause the structural fatigue failures near the aft region of an airplane. Therefore, the twin jets
have been investigated by many researchers until today (Raman, Panickar, and Chelliah, 2012).
Seiner, Manning, and Ponton (1988) indicated that the dynamic pressure load due to the screech
resonance of twin jets causes the fatigue failures. Figure 1.7 shows a phase-averaged schlieren
image of twin jets and it clearly visualizes the coupling of each jet. Seiner, Manning, and Ponton
(1988) estimated the frequency of screech resonance in twin jet using the screech frequency
model proposed by Powell (1953a). Eq .1.4 can be recast into the nondimensional form using
the convection velocity of uc = 0.7u j (Harper-Bourne and Fisher, 1974).
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Here, D j is the diameter of the fully expanded jet and D is the nozzle exit diameter. The ratio





[1 + (γ − 1)/2]M2j







Equation 1.6 can accurately estimate the resonant frequency only for the higher Mach number
jets. Tam and Seiner (1987) also explained the mechanism of synchronized resonant oscillations
using the vortex sheet model but unable to estimate the peak frequency quantitatively. Thus,
so many efforts are being dedicated to this field and the mechanism of the resonance was
investigated to suppress the screech intensity (Norum and Shearin, 1986; Seiner, Manning, and
Ponton, 1987; Shaw, 1990; Walker, 1990). Their results indicated that the closely spaced twin
jets can couple regardless of screech radiation while the particular coupling mode dominates the
aeroacoustic fields of twin jets when screech appears. This particular coupling mode strongly
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depends on the operating condition, the nozzle spacing, and the nozzle geometry (Wlezien,
1989; Zilz and Wlezien, 1990).
These works indicated that the presence of the shock waves inside a potential core of the jet
is important to couple the twin jets strongly. Therefore, the twin jet have often been investigated
under the imperfectly expanded conditions such as overexpanaded or underexpanded conditions.
The data of overexpanded twin jets were provided by several researchers. Moustafa (1995)
experimentally investigated the pressure field and Greska and Krothapalli (2007) conducted the
PIV and acoustic measurement.
There are relatively a large number of researches which investigate the aeroacoustic fields
of underexpanded twin jets. He and Zhang (2002) conducted acoustic measurement and the
shielding effect was clearly observed in screech frequency. Ethirajan (2006) investigated the
interaction of each jet on the flow field by means of pilot pressure measurement. Sabareesh,
Srinivasan, and Sundararajan (2015) provided the spatial distributions of far-field overall sound
pressure level and the schlieren visualization. They investigated the effect of various parameters
of nozzle configurations on the aeroacoustic fields. Goparaju, Gaitonde, and Bhaumik (2015)
and Goparaju and Gaitonde (2017) performed large-eddy-simulation (LES) of closely spaced
supersonic twin jets and showed that the bending of the twin-jet plume due to the slow growth
of outer shear-layer suppress the pressure fluctuation. Gao, Xu, and Li (2017) comuputed the
twin jets and dynamic mode decomposition was applied to the pressure fields and observed
the flapping modes of twin jets in the first and the second modes. Alkislar et al. (2005)
conducted PIV measurement of slightly underexpanded twin jets. They employed the two
convergent-divergent nozzles installed in parallel, of which divergent section was straight conic
and weak shock-containing twin jets which generate screech tone were reproduced. They found
the symmetric coupling mode which is characterized by large-scale coherent structures from
the results of PIV. Moreover, they introduced microjets for controlling the mixing of the twin
jet and archived the noise reduction of up to 4 dB. In contrast to the experiment of Alkislar
et al. (2005), Bell et al. (2017) and Bell et al. (2018) performed the qualitative high-resolution
PIV measurement of highly underexpanded twin jets and the velocity field dynamics of twin
jets coupling was investigated. They observed the standing wave which is the driver of the
turbulence coherence modulation other than the shock-cell structure. Sabareesh, Srinivasan,
and Sundararajan (2012) experimentally compared the acoustic characteristics of two different
configurations of twin square slot jets with an equivalent single circular jet. The behavior of the
coupling mode was also investigated in the case of a rectangular nozzle with complex geometry
(Raman and Taghavi, 1998; Raman, 1998; Raman, 1999a; Srinivasan et al., 2009).
13
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The previous studies mentioned above are mainly performed for the objectives of an airplane
engine. Thus, itsMach number of the jets Mj is relatively smaller than that of a space vehicle such
as a rocket, and Mj was around 1.7 at highest which corresponds to the NPR of 5. Canchero
et al. (2016a) and Canchero et al. (2016b) investigated the twin jets configuration which is
much closer to real rocket conditions with wide NPR range of 1 ∼ 70. They performed the
shadowgraph visualization of twin jets using two thrust-optimized parabolic contour nozzles
and investigated the noise source by image post-processing. Although the operating condition
is close to the actual rocket, the discussion of the physical phenomena is difficult because the
NPR dynamically changes.
1.3.2 Shielding Effect of Twin Jets
The research interests of the aeroacoustic fields of twin supersonic jet is not only the coupling
mode but also the shielding effect in which the noise generated by one jet is blocked by the other
jet resulting in the reduction of the sound pressure level. The noise reduction using twin jets
was firstly observed in the plane through the two nozzles by Greatrex and Brown (1958) and its
phenomenon has been investigated aiming at the noise reduction of airplane engines. This noise
reduction is caused by the change in the propagation of acoustic waves. The characteristics of
acoustic waves passing through the shear layer was investigated by Amiet (1978) and Schlinker
and Amiet (1980) investigated the characteristics of acoustic waves passing through the shear
layer and they deduced that the reflection, refraction and scattering is important phenomena for
considering the acoustic waves passing through the shear layer. The behavior of acoustic waves
passing through the shear layer was investigated both sides of the theoretical and experimental
in the 1960∼1980’s. Borchers and Goethert (1977) and Clauss Jr, Wright, and Bowie (1980)
investigated the noise reduction of linear array of two to five axisymmetric jets and found the
noise reduction of 2.5 to 6 dB depending on the number of nozzles. They also found that
the shielding effect is pronounced at high-frequency range because acoustic waves with small
wavelength compared to the jet diameter can be appreciably reflected. The noise reduction of
heated twin jets, which is more realistic condition of engines have been investigated by Bhat
(1978), Kantola (1977), and Kantola (1981). They showed that the sound pressure level of twin
jets in a plane through the jet center axis is lower than that of a single jet. Moreover, they
observed that the shielding effect increases as the shielding jet moves downstream side. This is
because the transmission path of the acoustic waves becomes long.
The analytical model of the shielding effect was developed by Kantola (1981) using the
theoretical model of Yeh (1968) considering the transmission of acoustic waves by a parallel
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shear layer. Parthasarathy, Cuffel, and Massie (1980) also developed the shielding model using
the plane shear layer analysis of Ribner (1957) with the assumption that the multiple reflections
does not occur inside the shielding jet. This assumption leads to the overestimate of the shielding
effect. Gerhold (1981), Gerhold (1983), and Gerhold and Kim (1983) developed an analytical
model of the shielding of a stationary point noise source by a cylindrical jet. He assumed
the shielding jet as a infinite cylinder with the constant diameter. This performance of the
model was experimentally verified by Yu and Fratello (1985) using a single point source and a
single shielding jet. Harper-Bourne (2000) developed a prediction model of twin jets assuming
the turbulent noise sources as a line source. His model showed good agreements with the
experimental data though the model is not incorporate the shielding effect of twin jets noise.
Consequently, the shielding effect of twin jets consists of several phenomena: reflection,
refraction, diffraction, and scattering (Simonich, Amiet, and Schlinker, 1986). The reflection
of acoustic waves is caused by the impedance mismatch between the shielding jet and ambient
air. The refraction causes the change in the propagation direction when acoustic waves pass
through the shielding jet. The reflection and the refraction basically lead to the noise reduction
of the shadow region which is the position opposite to the source jet across the shielding jet.
The diffraction increases the noise level of the shadow region as acoustic waves wrap around the
shielding jet. The scattering causes the noise reduction of the shadow region because acoustic
waves are dispersed by the turbulent flow. The effect of scattering becomes prominent when the
wavelength of acoustic waves is smaller than the turbulent scale of the shielding jet.
Recently, Bozak and Henderson (2011) revisited the shielding effect on the acoustic fields
of twin jets aiming the noise reduction of the innovative propulsion system such as multiple jet
engines for a next-generation airplane and performed acoustic measurement of twin jets over
subsonic to supersonic conditions corresponding to the forward flight Mach numbers of 0 to
0.3. Their results showed that the shielding effect increases with increasing the nozzle spacing
between each jet and the noise reduction reach 3 dB at the maximum. The streamwise and
cross-stream PIV measurements of subsonic twin jets were conducted by Bozak and Wernet
(2014) and the relation between the velocity fields and the noise reduction was investigated.
The results of PIV show the 10% decrease in the turbulent kinetic energy in the case of the
closest nozzle spacing. They conclude that this seems to be due to enhanced jet mixing and
causes noise reduction. Bozak (2014) also developed the empirical model of twin jet based on
the far-field acoustic data from round and rectangular twin jets. This empirical model considers
the dependence of the frequency, the observer angles, the jet spacing, the jet static temperature
ratio, and the flight Mach number. Although the mechanism of the noise reduction was not taken
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account for, the model can predict the sound pressure within the error of approximately 0.5 dB.
The discussions of previous sections indicate that the aeroacoustic fields of twin supersonic
jets have been investigated in the limited conditions for the objectives of understanding the
coupling modes and the shielding effect. A lot of works had been done in the 1980s and the
explanations of physical mechanisms for them were suggested based on the theoretical analysis
and limited experimental data such as the hot wires, microphones, and pilot tubes. Since the
interaction between flow and acoustic fields was rarely discussed due to the spatially discrete
measurement and low performances of experimental equipment, there is still little experimental
evidence to support their explanation. In addition, the recent works for twin jets provide
the qualitative data for explaining the physics thanks to the development of the experimental
equipment and the computational performances (Sabareesh, Srinivasan, and Sundararajan, 2015;
Bozak and Wernet, 2014; Gao, Xu, and Li, 2017). However, most of their researches focuses on
an airplane engine of which the jet Mach number is approximately 1.5 at the Maximum. Thus,
there are few researches which investigate the aeroacoustic field of relatively-high-Mach-number
twin jets for a space vehicle.
1.4 Objectives
The main objective of the present study is to investigate the aeroacoustic field of multiple
ideally expanded supersonic jets experimentally. Although the detailed understanding of the
aeroacoustic fields of multiple supersonic jets is essential for the noise prediction of a recently
developed rocket that equips multiple rocket engines, the detailed database which enables us to
develop a prediction model has not been provided yet as mentioned above. The interpretation of
the multiple supersonic jets dynamics seems to be hard because the phenomena are too complex
to understand or analyze even in the ideally expanded jets. Therefore, the aeroacoustic fields of
the multiple jets should be breakdown to the superposition of simplified phenomena such as the
twin jets or a single jet. In addition, these simplified phenomena should be investigated under
the ideally expanded conditions because the aeroacoustic fields are significantly affected by the
presence of shock waves such as a screech feedback loop or the coupling modes of twin jets.
In the present study, the mass flow rate of twin jets and a single jet is supposed to be constant
and the thrust power of the rocket propulsion system was kept constant. This assumption leads
to the change in the Reynolds number which may cause the laminar-to-turbulent transition
of the shear layer because the nozzle exit diameter of the twin jets nozzle is smaller than
that of a single jet nozzle. Moreover, the smaller diameter of a supersonic jet makes the
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experimental measurement difficult because the spatial resolution of experimental equipment is
limited. Therefore, the present study consists of three chapters.
Verification of the analysis methods
The PIV measurement, schlieren visualization, and microphone measurements are considered
for measurements of the aeroacoustic fields of a supersonic jet in the present study. A lab-scale
supersonic jet is easy to handle while the visualization with the high spatial resolution is difficult
due to the smaller diameter of the nozzle. On the other hand, the conventional microphone
measurement is still useful to investigate the acoustic fields and its frequency characteristics
whereas a microphone can measure the only one point. Thus, the velocimetry technique which
can maintain high-spatial resolution and visualization technique of acoustic waves are required
for acquiring the detailed data of aeroacoustic fields. The first objective is to develop and verify
the analysis methods that satisfy these two requirements.
Reynolds number effect
The constant mass flow rate of a single jet and twin jets makes the nozzle exit diameter of
twin jets small and the Reynolds number based on the nozzle exit diameter also becomes small.
Traditionally, the effect of the Reynolds number can be negligible when the Reynolds number is
Re > 4× 105 because the shear layer of a supersonic jet is fully turbulent. Since the laminar-to-
turbulent transition of the shear layer drastically changes the aeroacoustic fields of a supersonic
jet, the transition of the shear layer should not occur in both cases of a single jet and twin jets.
Therefore, the second objective of the present study is to investigate the Reynolds number effect
on the aeroacoustic fields of a supersonic jet and verify that the transition does not occur in the
case of a single jet with a smaller diameter of twin jets nozzle.
Aeroacoustic fields of multiple jets
To directory investigate the aeroacoustic fields of multiple jets is significantly complicated and
difficult to understand. Thus, the multiple jet dynamics is simplified as the superposition of a
single jet and twin jets including the interference of each jet. The third objective of the present
study is to investigate the effect of the interference between each jet on the aeroacoustic fields
of multiple supersonic jets.
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1.5 Outline of This Dissertation
In chapter 2, the verification results of the proposed analysis methods are presented. This
chapter contains two analyzing method for investigating the aeroacoustic fields of a supersonic
jet. The one is the velocimetry technique using particle and schlieren images which can obtain
the temporal averaged velocity fields with high spatial resolution. The other is visualization
technique of acoustic waves based on the frequency-domain proper orthogonal decomposition
of schlieren images. The discussions on the effectiveness and the accuracy of these proposed
methods are conducted.
In chapter 3, the Reynolds number effect on the aeroacoustic fields of a supersonic jet is
investigated. In addition to the Reynolds number of a single jet (Re = 1.0 × 106) and twin
jets (Re = 7.0 × 105), a supersonic jet of which the Reynolds number is one-order lower
(Re = 1.0 × 105) are also employed for the experiment and the velocity fields, the density
gradient fields, and far-fields acoustic fields are compared. The effect of the disturbance added
in the nozzle boundary layer is also investigated because the initial disturbance can promote the
earlier transition.
In chapter 4, the interference between each jet is presented with the various configuration
of the twin jets nozzle. The effect of the interference on the aeroacoustic fields is investigated
using the proposed analysis methods and modal decomposition analysis.
In chapter 5, the results of this thesis are summarized with the conclusions.
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Verification of Analysis Methods for a
Laboratory-scale Supersonic Jet
2.1 Introduction
A supersonic jet flow is exhausted from a rocket engine and it emits the strong acoustic waves
which vibrate a payload of a rocket such as an artificial satellite as described in Section 1.1. The
dominant component of supersonic jet noise called a Mach wave is generated from large-scale
turbulent structures in the shear layer which flows with supersonic convection velocity (Tam,
1995; Tam and Burton, 1984a; Tam and Burton, 1984b; Tam and Hu, 1989). Therefore, the
convection velocity of the large-scale turbulent structure is one of the important factors for
understanding the aeroacoustics fields.
The ratio of the convection velocity and the jet velocity has been investigated by many
researchers while the reported ratios are not consistent. Norum and Seiner (1982) estimated
the convection velocity from far-field acoustic properties and it was 0.7 times the jet velocity.
Troutt and McLaughlin (1982) reported that the convection velocity was 0.8 times the jet
velocity. Tinney, Glauser, and Ukeiley (2008) extracted the convection velocity using proper
orthogonal decomposition. Blohm et al. (2006) and Thurow et al. (2008) conducted planar
Doppler velocimetry measurements and investigated the effect of the seeding particles on the
estimation of the convection velocity. They showed that the bias error due to the particles can
be nearly eliminated if the entire flow fields are filled by seeded particles. Murray and Lyons
(2016) developed an image post-processing method for shadowgraph images and estimated the
convection velocity from the Mach wave emission angle. Kouchi, Masuya, and Yanase (2017)
extracted the convection velocity using the time-series schlieren images of a transverse-jet
into Mach 2 supersonic flow with 1-Mhz sampling. They applied a two-dimensional Fourier
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transform to schlieren images and the extracted convection velocity agrees well with the results
of schlieren image velocimetry (SIV).
Here, SIV is a seedless-velocimetry measurement technique that calculates the velocity
based on the variation in the image intensity in the schlieren or shadowgraph image which
corresponds to the variation in the density gradient due to the turbulent structures. This technique
has potential for measuring a two-dimensional distribution of the convection velocity of the
large-scale turbulent structures because cross-correlation is calculated based on the visualized
turbulent structures. However, there are several issues when applying SIV to a laboratory-scale
axisymmetric supersonic jet of which diameter at the nozzle exit is approximately 10 mm. A
laboratory-scale jet is still useful for the investigation on the basic properties of a jet because
of its simplicity compared with that in large-scale jet experimental facilities. The present study
focuses on the development of the simple and less expensive velocimetry method based on SIV
for estimating the convection velocity of a laboratory-scale supersonic jet.
One issue when applying SIV to a laboratory-scale axisymmetric supersonic jet is a less
spatial resolution of the estimated velocity fields. This is because SIV basically calculates the
cross-correlation of the visualized turbulent structures using a spatial interrogation window.
A supersonic jet has a steep velocity gradient in the thin shear layer such as the shear layer
thickness is several hundreds of micrometers in a lab-scale jet. A spatial resolution of a
velocimetry should be so high that the velocity profile of the thin shear layer could be resolved.
Westerweel, Geelhoed, and Lindken (2004) proposed the single-pixel ensemble correlation
method for particle image velocimetry (PIV) measurements and calculated the velocity field
with a high spatial resolution. This method can calculate the velocity vector with a unit of
pixels, though only the temporal averaged velocity can be obtained. We applied this correlation
method to the PIV measurement of a supersonic jet and showed that the velocity field clearly
visualizes the steep velocity gradient in the shear layer of a supersonic jet with the Mach number
of 2.0 (Ozawa, Nonomura, and Asai, 2019; Ozawa et al., 2019).
There is another approach improving the spatial resolution of PIV such as a Lagrangian
particle tracking and an optical flow. Quénot, Pakleza, and Kowalewski (1998) applied an
optical flow technique to PIV based on an orthogonal dynamic programming (ODP-PIV) and
archive the spatial resolution of time-averaged velocity vectors with a unit of pixels. Their
method assumes that the flow field is continuous and the displacement on the image is smaller
than unit of pixels. In general, an optical flow equation requires additional equation as a
constraint and there are mainly two methods for solving the equation. Lucas and Kanade (1981)
method solves the equation using local information on the image determined by the spatial
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interrogation window resulting in less spatial resolution. Horn and Schunck (1981) method
introduced the smoothness regularization term and the Lagrange multiplier which controls the
smoothness of the displacement on the image. The determination of the Lagrange multiplier is
usually empirical and the Lagrange multiplier causes a decrease in the actual spatial resolution
because of the smoothing effect. Recent optical flow applications to PIV (Corpetti et al., 2006;
Seong et al., 2019) is based on the Horn and Schunck’s method, although the effect of the
Lagrange multiplier is not discussed well. Recently, Lee et al. (2018) and Lee et al. (2019)
applied a linear-least-squares (LLS) method, which does not have any smoothing effects, to
the optical flow equation and they constructed the single-pixel resolution of estimation of the
time-averaged velocity. However, the displacement on the image should be a subpixel order in
this method, and the application of this method to supersonic flow is still difficult because of the
large displacement of the particles in pair images. The modification of this method for the pair
images with a large displacement is expected to lead to the similar results to that of the present
single-pixel ensemble correlation method because the difference will appear in their sub-pixel
resolution: the optical flow uses image-intensity gradient information while the present single-
pixel ensemble correlation method uses the Gauss fitting of the cross-correlation distributions.
Therefore, the modification of the single-pixel ensemble correlation is out of scope in the present
study and left for the future study.
The second issue is that the velocimetry of a supersonic jet requires a quite short-time-
interval of imaging. In addition, the SIV images should be acquired with short exposure time
because SIV relies on the assumption that the instantaneous turbulent structures keep its form
with a short time interval. The laser light source which can achieve these requirements is
expensive and not easy to conduct the experiments. Hargather et al. (2011) introduced the
pulsed light-emitting-diode (LED) light source for SIV which is much less expensive than the
pulsed laser system as the schlieren light source for SIV and they achieved the velocimetry of
Mach 3.0 turbulent boundary layer. Therefore, the present study employs a pulsed LED light
source as a light source of SIV.
The third issue is that schlieren or shadowgraph visualization is the ray-path-averaged mea-
surement. Jonassen, Settles, and Tronosky (2006) performed SIV of an axisymmetric helium
jet and they showed that the Abel transform is necessary for comparing the velocity of SIV and
PIV because schlieren images are ray-path-averaged. Biswas and Qiao (2017) applied the Abel
inversion to shadowgraph or schlieren images of a helium jet with a jet velocity of 304 and 611
m/s (M = 0.3 and 0.6). They calculated Abel inversion under the assumption of axisymmetric
unsteady flow fields. This assumption is valid for a subsonic jet because an axisymmetric mode
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is dominant in a subsonic jet. On the other hand, a supersonic jet of the present study is domi-
nated by a helical mode (Sandham and Reynolds, 1991) and the flow field is not axisymmetric
any more. Therefore, application of the Abel inversion is considered to be inappropriate in the
present study.
Another possible approach to solve this issue is to employ the focusing schlieren technique
(Kantrowitz, 1950; Weinstein, 1993; Garg and Settles, 1998; Weinstein, 2010; Ahmed and
Wiley, 2017) . However, there are two difficulties to employ the focusing schlieren technique for
the present study. One is that the minimum depth of fields (DOF) of the conventional focusing
schlieren is not sufficiently narrow for the visualization of a lab-scale jet with the nozzle-exit
diameter of 10 mm in the present study. While Ahmed and Wiley (2017) achieves the narrow
DOF of several millimeters using a structured light system, the narrow DOF causes a small
field of view. Therefore, the velocimetry with wide fields of view is still difficult. The other
difficulty is the low signal-to-noise (S/N) ratio of the focusing schlieren images. The sensitivity
of the schlieren image and the visualized turbulent structures decrease with decreasing the DOF.
Hargather et al. (2011) performed SIV of the Mach 3.0 turbulent boundary layer by means of
schlieren, shadowgraph, and the focusing schlieren methods. They showed that the focusing
schlieren image with DOF of approximately 10 mm is highly susceptible to the turbulent
intermittency and its results of velocimetry had an error. The present study performed regular
shadowgraph or schlieren visualization and avoid the difficulties above.









Figure 2.1: Mach wave emission visualized by schlieren image of a Mach 2.0
cold jet.
While the estimation of the convection velocity gives us valuable information for under-
standing the aeroacoustic fields, the investigations of the acoustic wave properties including the
propagation pattern, the source position, and the amplitude are still important. The acoustic
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fields have often been investigated by acoustic measurements using a microphone. However, this
point-like sensor is not appropriate for acquiring the spatial distribution of the acoustic fields
while it can measure the signal with high temporal resolution. Thus, the analysis method of
acoustic fields based on the image post-processing can be a powerful analysis tool for under-
standing the spatial distribution of acoustic waves. Therefore, visualization of acoustic waves
based on schlieren images is developed in addition to the convection velocity analysis using SIV
as mentioned above.
The schlieren or shadowgraph visualization is also useful to investigate the propagation
pattern of the acoustic waves because schlieren images can clearly visualize the propagation
pattern of the Mach wave as shown in Fig 2.1. The extraction of the acoustic wave from
schlieren images may be strongly affected by the Mach wave because the original schlieren
image is often dominated by the phenomenon which has intense fluctuation such as the Mach
wave. Here, Proper Orthogonal Decomposition (Berkooz, Holmes, and Lumley, 1993) is an
effective method for extracting the principal components from such data. This method is a linear
decomposition method that gives us the most energetic modes of the unsteady flow and acoustic
fields. Moreover, the frequency-domain POD was developed by Suzuki et al. (2007) and the
principal component of the original data was extracted much more efficiently than the standard
time-domain POD. Nonomura and Fujii (2010) applied this method to the computation data of a
supersonic jet and identified the propagation pattern of the acoustic waves clearly. In the present
study, frequency-domain POD was applied to time-resolved schlieren images and the acoustic
wave propagation pattern was efficiently extracted from the time-resolved schlieren images.
This chapter mainly describes two analysis methods of the velocimetry for estimating the
convection velocity based on SIV and the visualization of acoustic waves based on the frequency-
domain POD analysis. The verification of these analysis methods was performed using data of
a laboratory-scale cold supersonic jet with the nozzle exit diameter of 10 mm corresponding
Reynolds number is Re = 106. The standard schlieren and shadowgraph visualization was
performed by means of a pulsed LED light source for the SIV. The particle image velocimetry
(PIV) is also conducted to investigate the basic properties of the velocity fields in a supersonic
jet. The velocity fields of SIV are compared with the convection velocity estimated from the
Mach wave emission angle using the image post-processing method proposed by Murray and
Lyons (2016). The time-resolved schlieren visualization and the acoustic measurements were
conducted at Kyushu University and the frequency-domain POD was applied to the schlieren
images. The results of acoustic measurements were used for the identification of characteristic
acoustic waves such as the Mach wave or screech. The frequency-domain POD was calculated
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at the frequency range of characteristics acoustic waves based on the acoustic measurement and
its source position, propagation patterns, and directions are discussed.
2.2 Configuration of a Supersonic Jet
Figure 2.2 shows the cross-sectional geometries of the axisymmetric nozzles made of stere-
olithography. The upstream side of these nozzles is shown in the left side of this figure. The
diameter of the throat and that of the nozzle exit were set to be 7.69 mm and 10 mm, respec-
tively. Thus, the design Mach number was 2.0 for all the nozzles. The convergent-divergent
(CD) nozzle was designed to reproduce the ideally-expanded flow which is free from the shock
waves. Therefore, the cross-sectional geometry of the downstream side from the throat was
optimized by the method of characteristics of compressible flow. The geometry of the upstream
side of CD nozzles was determined by cosine function. The aeroacoustic fields of a supersonic
jet reproduced by the CD nozzle is supposed to be the baseline in the present study.
The conical nozzle also has the same diameter at the throat and the nozzle exit. The conical
nozzle was designed to generate shock waves in the potential core of the jet under the ideally
expanded condition of Mach number of 2.0. Thus, the conical nozzle has a flare angle of 15
degrees at the nozzle exit. The flow of the conical nozzle contains shock waves owing to the
nonuniformity at the nozzle exit even in the ideally expanded condition. The cross-sectional
geometry between the throat and the nozzle exit is a straight line. The supersonic jet flow with

















2.3.1 Jet Generating System
A supersonic jet is realized bymeans of the jet generating system using high-pressure air installed
in the anechoic room. The two jet generating systems are employed for the experiments. One
is the jet generating system at Tohoku University which can install the tracer particles into the
jet flow and the other is at Kyushu University with large anechoic room. The Reynolds number
based on the nozzle exit diameter was 106 in both facilities. These systems are basically the same
system for reproducing the jet flow except for the seeding device and the size of the anechoic
room. The schematic image of the jet generating system and the anechoic room are shown
in Fig. 2.3. The jet generating system consists of a pump, a high-pressure air tank, a plenum
chamber and the nozzle for a supersonic jet. The jet generating system at Tohoku University
also has a seeding device for PIV measurement and its supply of the high-pressure air is the
same high-pressure air tank. The plenum chamber is installed in the center of the anechoic
room and the nozzle is fixed on the plenum chamber. The sizes of the anechoic room at Tohoku
University and Kyushu University are approximately (3×3×2m) and (4×4×4m), respectively.
It is sufficiently large compared with that of the nozzle in both anechoic rooms. The NPR
is calculated as the ratio of the atmospheric pressure inside the anechoic room and the static
pressure inside the plenum chamber. The NPR was set to be 7.8 which corresponds to the flow
of Mj = 2.0, and the ideally expanded supersonic jet was reproduced.
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(a) Schematic system of a jet generating system at Tohoku University










Figure 2.3: Cross-sectional geometry of the axisymmetric nozzles.
2.3.2 PIV System
Figure 2.4 shows the schematic image of PIV system at the jet generating system of Tohoku
University. The two seeding devices were employed for filling both of the supersonic jet and the
ambient air with the seeding particles. Glycerin 50% aqueous solution was used for the tracer
particles. A particle size was approximately several micrometers. The seeding device for the
jet flow was connected to the high-pressure air tank which is shared with the mainstream pipe
as the supply of the high-pressure air. The generated seeding was merged at the intersection of
the pipes and it was mixed well while they are convected to the plenum chamber. The other
seeding device was connected to another pump and it was installed into the anechoic room to
fill the anechoic room with the seeding particles. Therefore, the measured particle image has a
sufficiently high density of the seeding particles both inside and outside of the jet flow.
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A double-pulsed laser system (LDY-300PIV, Litron Lasers) and a high-speed camera (Phan-
tomV611, Vision Research) were employed for the PIV system. The frame-straddling technique
was applied to the PIV system because the local velocity at the potential core of the jet is ap-
proximately 510 m/s. The temporal interval of the double-pulsed laser was set to be 1.2 us
in the present study. A Nikon Lens (Nikkor 80-200mm f/2.8) was used for the optical system
and the image frame of 150 × 50 mm were visualized. The image resolution was 1280 × 400
pixels and the sampling rate of each image pair was 1,000 Hz. The 20,000 image pairs were
acquired in the present study, the velocity fields were calculated. The parameters for acquiring
the particle images are summarized in Table 2.1. The obtained particle images were analyzed
using the single-pixel ensemble correlation method by the in-houseMatlab code and the velocity
distribution with high spatial resolution were obtained. The detailed explanation of this method
is described in Section 2.4.1.
Pump










Figure 2.4: Schematic image of PIV system at Tohoku University.
Table 2.1: Parameters for PIV system.
Spatial resolution 1280 × 400 pixels
Time between pulse δt 1.2 us
Sampling frequency 1000 Hz
Number of image pairs 20,000
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2.3.3 Double-pulsed Shadowgraph and Schlieren Visualization
The double-pulsed shadowgraph and schlieren visualization were conducted at Tohoku Univer-
sity and the aeroacoustic fields of a supersonic jet were investigated. Here, the shadowgraph and
schlieren images visualize the second derivative of the density field and the density gradient,
respectively. These images can be acquired using the same optical system and the difference
of that is only the presence of the knife-edge. Figure 2.5 shows the schematic image of the
shadowgraph or schlieren visualization system at the jet generating system. The standard Z-type
schlieren system was employed for the visualization. We used a pulsed light-emitting-diode
(LED) light system (LE CG P3A 01-6V6W-1, OSRAM) as a point light source (Komuro et al.,
2017; Komuro et al., 2019). The light source was placed outside of the anechoic room and
the emitted light was collimated by a parabolic mirror having a diameter of 200 mm at Tohoku
University. The collimated light passes through the windows of the anechoic room facing each
other as shown in Fig 2.5. The collimated light passing through the jet flow was condensed by
the other parabolic mirror and the schlieren images were focused on the image sensor of the









Figure 2.5: Schematic image of schlieren and shadowgraph visualization system.
Table 2.2: Parameters for SIV system.
Spatial resolution 800 × 800 pixels
Exposure time 400 ns
Time between pulse δt 2 us
Sampling frequency 1000 Hz
Number of image pairs 2000
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The high-speed camera (Phantom V611, Vision Research) and a convex lens of which
focal length is 200 mm were used for acquiring the schlieren images. The spatial size of the
visualization was approximately 160 × 160 mm. The image resolution and the frame rate were
800×800 pixels and 4000 frame per seconds, respectively. The exposure time was controlled by
the pulsed LED light system and it was approximately 400 ns. The knife edge was placed and the
density gradient of streamwise direction were emphasized. These parameters are summarized
in Table 2.2
Figure 2.6 shows that the schematic image of the double-pulsed schlieren system. A function
generator (WF1974, NF) was employed for generating the master trigger signal. The master-
trigger signal is connected to the camera and the trigger input of the second channel of the
function generator. The master-trigger signal is a simple pulse wave of which the frequency
corresponds to the sampling rate of the image pairs and the camera acquires two frames for each
trigger signal. The trigger signal of channel 2 for the LED light system generates two pulses for
each master-trigger signal. The first pulse appears near the end of the first frame and the second
pulse appears near the start of the second frame with keeping the determined temporal interval
δt. The temporal interval δt was set to be 2.0 us in the present study.The images obtained by
schlieren or shadowgraphs were analyzed by the single-pixel ensemble correlation method and
its detailed explanation is described in the Section 2.4.1. The schlieren images were also used
for estimating theMach wave emission angle. This enable us to calculate the convective velocity
which may relates to the results of SIV. The image post-processing method for estimating the
Mach wave emission angle is described in Section 2.4.2.
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Figure 2.6: Schematic image of the double-pulsed schlieren system.
2.3.4 Time-resolved Schlieren Visualization
Time-resolved schlieren visualization was conducted in the jet generating system at Kyushu
University. All of the optical systems was installed inside an anechoic room and the Z-type
schlieren system with a plane mirror was employed because the space inside an anechoic room is
limited. A xenon light source of 300 W (LS-300, KatoKoken) was placed beside the jet nozzle
and the emitted light was collimated by a parabolic mirror having a diameter of 100 mm as
shown in Fig 2.7. The collimated light passes through the jet flow and it was condensed by the
other parabolic mirror. A plane mirror reflects the condensed light and avoids the overlapping
of the ray path of the schlieren system.
A high-speed camera (FASTCAM SA-Z, Photron) was employed and the time-resolved
schlieren images were acquired with the sampling rate of 300 kHz. The image resolution was set
to be 256× 128 pixels to archive this high-speed visualization. The spatial size of the visualized
area was 60×30 mm. The visualized movement of acoustic wave at each frame is approximately
5 pixels if we suppose that the ambient sound speed is 340 m/s. Thus, the schlieren image can
visualize the unsteady propagation pattern of the acoustic wave. The acquired schlieren images
are analyzed using the frequency-domain POD to extract acoustic waves. This data-processing










Figure 2.7: Schematic image of schlieren and shadowgraph visualization system.
2.3.5 Acoustic Measurement
The acoustic investigation was conducted using eight 1/4-inch microphones (TYPE4158N,
ACO) at Kyushu University and the basic characteristics of the acoustic fields are measured.
The microphone sensitivity was 3.2 mV/Pa, the maximum sound pressure level (SPL) was
150 dB, and the sampling frequency was 192 kHz. Two DAQ analyzers (USB-6363, National
Instruments) and shielded connector blocks (BNC-2120, National Instruments) were employed.
In the present study, near-field acoustic distribution was measured by grid search as shown in
Fig. 2.8. The grid spacing is 20 mm (x/D = 2,r/D = 2), and the grid points are 16 × 6. We
confirmed that this grid spacing is sufficient for us to identify the main acoustic wave propagation
pattern from the previous study (Tam, 1995). The measured microphone signals were processed
using fast Fourier transformation (FFT). The data length for the FFT was 1024 points. The
FFT overlapped 50% of the data length and was averaged 1000 times. The frequency was











Figure 2.8: Near-field acoustic grid measurements.
31
Chapter 2. Verification of Analysis Methods for a Laboratory-scale Supersonic Jet
2.4 Analysis Methods
2.4.1 Single-pixel Ensemble Correlation
Figure 2.9 shows the schematic of the correlation methods based on the conventional spatial
correlation and the single-pixel ensemble correlation. The conventional spatial correlation
method calculates the cross-correlation using the spatial information determined by a spatial
interrogation window. The cross-correlation is calculated for each pair of the particle images
acquired at a short time interval δt. Therefore, the size of the spatial interrogation window
limits the spatial resolution of the obtained velocity fields. On the other hand, the conventional
spatial correlation method can calculate the instantaneous velocity field for each pair of particle
images. Unsteady velocity fields can be obtained by the conventional spatial correlation method









t = ti (i = 1,2, ...,N)
(i = 1,2, ...,N)
(a) Conventional Spatial Correlation (b) Single-pixel Correlation
t = t1
t = t1+dt
Figure 2.9: Schematic image of correlation methods.
On the other hand, the single-pixel ensemble correlation method was proposed by Wester-
weel, Geelhoed, and Lindken (2004) as the PIV analysis method which can obtain the velocity
field with a resolution of a single-pixel. This correlation method gives us the velocity fields
with high spatial resolution while only the temporal averaged velocity fields are obtained. The
single-pixel ensemble correlation method uses temporal information of each pixel when con-
sidering the correlation instead of spatial information determined by the spatial interrogation
window. Figure 2.9(b) shows the schematic of the single-pixel ensemble correlation method.
Here, N pairs of the particle images acquired at short time interval δt are supposed to be used
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for the calculation. The particle images are divided into two groups of I1 (t = ti, i = 1, ...,N)
and I2 (t = ti + δt). The cross-correlation is calculated using the temporal evolution of a single-
pixel intensity in each image group. Therefore, only the temporal averaged velocity is available
instead of the high spatial resolution.
The single-pixel ensemble correlation method is originally suited for quasi-stationary and
periodic flows. The probability density function (PDF) of a supersonic jet flow is supposed to
be a Gaussian profile in the present study. This assumption enables us to apply the single-pixel
ensemble correlation method to a supersonic jet when a sufficiently large number of images are
used for the correlation calculation. On the other hand, this assumption requires an analysis of
the statistical convergence of the correlation calculation. Figure 2.10 shows the convergence
of the estimated streamwise displacement on the image calculated by the single-pixel ensemble
correlation method. Figure 2.10 shows the convergence of three different positions: inside the
potential core (black line), near the potential core end (blue line), and the shear layer region (red
line). The calculation converges regardless of the positions and the choice of PIV or SIV if the
number of ensembles exceeds several hundreds. The temporal averaged velocity distribution
were calculated using 20,000 and 3,900 image pairs for PIV and SIV, respectively, in the present
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Figure 2.10: Convergence of the estimated streamwise displacement calculated
by single-pixel ensemble correlation.
Figure 2.11 shows the particle, shadowgraph, and schlieren images for PIV and SIV. The
velocity fields of PIV and SIV are different because what PIV and SIV visualize are different.
The PIV image visualizes the cross-sectional illuminated particleswhich follow the flowvelocity.
The temporal evolution of a single-pixel intensity which is used for the correlation calculation
is based on the movement of particles in the cross-sectional plane of the image. Therefore, the
estimated velocity distribution of PIV is a cross-sectional flow velocity of a supersonic jet.
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Meanwhile, the schlieren and shadowgraph images show the density gradient and the sec-
ond derivative of the density distribution, respectively. Therefore, the correlation calculation
of SIV uses the temporal evolution of a single-pixel intensity based on the density gradient
due to the large-scale turbulent structures. In addition, the visualized turbulent structures are
integrated along the ray-path of the schlieren optics. The schlieren or shadowgraph images of
an axisymmetric supersonic jet mainly visualize the turbulent structures in the shear layer of
the jet because the turbulent structures are absent inside the potential core, or the intensity of
the turbulence inside the potential core is too small to visualize. The temporal evolution of a
single-pixel intensity on the first image group will be the same as that of the pixel at some-
where on the second image group if the form of turbulent structures is assumed to be kept for a
short time. Therefore, the single-pixel ensemble correlation method can estimate the ray-path-
averaged convective velocity distribution of the visualized turbulent structures in the shear layer.
Moreover, the schlieren and shadowgraph images clearly visualize not only the flow field but
also the acoustic field which includes the propagation pattern of the Mach wave. The visualized
acoustic field may be a disturbance for calculating a flow velocity because the visualized Mach
wave has a large energy on the schlieren image (Ozawa et al., 2018). In the present study, the
root mean square value (RMS) of intensities of the shadowgraph or schlieren images are used
and the flow and acoustic fields are separated. The masks for schlieren and shadowgraph images
as shown in Fig. 2.11 were created by thresholding RMS of the 11 and 20% of the maximum
RMS of the pixel intensity, respectively.
The scaling factor of PIV and SIV images are calculated based on the outer diameter of the
nozzle visualized in each experiment. Figure 2.12 shows the definition of the scaling factor
in each image. The outer diameter of the nozzle exit was evaluated as the distance between
intersections of the side slope and the nozzle edge visualized on the images. The actual outer
diameter of the nozzle in the present study was 16 mm and the scaling factor was calculated to
be the ratio of the actual outer diameter and the corresponding number of pixels.
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(a) Particle image for PIV
(b) Shadowgraph image for SIV
(d) Schlieren image for SIV
(c) Mask image for shadowgraph defiened by RMS of pixel intensity








11% of the RMS value is used as a threshold 
20% of the RMS value is used as a threshold 
x/D x/D
x/D
Figure 2.11: Raw images and mask images for the velocimetry.














































Horizontal pixels Horizontal pixels
(a) PIV (b) Shadowgraph (c) Schlieren
Figure 2.12: Definition of the scale factor for each image.
The correlation maps of PIV and SIV are calculated and the uncertainty analysis of PIV
and SIV is performed. The single-pixel ensemble correlation method calculates the cross-
correlation using two groups of the particle images or SIV images of I1 and I2. Therefore,
the auto-correlations of the groups I1 and I2 can be calculated, respectively, and the size of
particles or the turbulent structures visualized dominantly on each image group are estimated.
The cross-correlation of I1 and I2 is considered to represent the convolution of I1, I2, and PDF
(Scharnowski, Hain, and Kähler, 2012). Figure 2.13 shows the auto-correlation maps of I1, I2
and a cross-correlation map at the position of (x/D,r/D) = (5,0) which is inside the potential
core of a jet. The auto-correlation maps of shadowgraph images have a sharp peak and show
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a similar distribution to those of PIV images. On the other hand, the auto-correlation maps
of schlieren images show a broad peak. The size of the particles or the visualized turbulent
structures is evaluated with the assumption that the relation of the pixel intensity I and the
diameter of the particles d in Eq. 2.1.








Here, xc and yc are the center position of the particle on the images. The peaks of auto-
correlation shown in Fig. 2.13 were fitted using Eq. 2.1 and the diameter of the particles or
the visualized turbulent structures are estimated. The estimated diameters are summarized in
Table 2.3. Little difference of the estimated diameter in I1 and I2 appears in the shadowgraph and
schlieren images. On the other hand, the larger difference of the estimated diameter is observed
in the PIV images because the brightness of the pair image is different due to the synchronization
of a double-pulsed laser and a high-speed camera. This means that the reproducibility of the
pulsed light for each frame is high in the pulsed LED light source. The estimated diameters of
PIV and shadowgraph images are approximately three pixels which are suitable for eliminating
the peak-locking error while the estimated diameters of shadowgraph images are slightly lower
than those of the PIV images. The diameters of the schlieren images are approximately 2.3 times
larger than those of the PIV or shadowgraph images. This large diameter of the schlieren images
indicates that the visualized turbulent structures are larger than those of the shadowgraph images.
The cross-correlation maps in Fig. 2.13 also show a clear peak in all the cases and the peak shape
of the schlieren images is relatively broader than the others. The PIV and shadowgraph images
have a sufficiently narrow peak for the estimation of the displacement of the particles or the
visualized turbulent structures. In addition, the broad peak of schlieren images still has a clear
peak value and the estimation of the displacement can work accurately because peak-locking

























































(b) Shadowgraph image velocimetry









































(c) Schlieren image velocimetry
Auto-correlation 2 Cross-correlationAuto-correlation 1
Figure 2.13: Correlation maps of each image at the position inside the potential
core at (x/D,r/D) = (5,0).
Table 2.3: Estimated diameter of the particle or the turbulent structure.
Diameter of auto- Diameter of auto-
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2.4.2 Estimation of the Convection Velocity
The velocity calculated from the SIV images may relate with the convection velocity of the
turbulent structure in the shear layer because the SIV estimates the velocity based on the
movement of the visualized density gradient corresponding to the turbulent structure. Kouchi
et al. extracted the convection velocity and the scales of the turbulent structures using the
time-series schlieren movies with 1-Mhz sampling (Kouchi, Masuya, and Yanase, 2017). In the
present study, the convection velocity of the turbulent structure is estimated from the acoustic
characteristics of a supersonic jet and the SIV results are validated. The supersonic convection
of the large-scale turbulent structure generates the turbulent noise called the Mach wave which
is the dominant acoustic wave of a supersonic jet (Tam, 1995; Tam and Burton, 1984a; Tam
and Burton, 1984b; Tam and Hu, 1989). Thus, the convection velocity of the turbulent shear
layer is one of the important factors for comprehension of the aeroacoustics fields. The ratio
of the convection velocity and the jet velocity have been investigated by many researchers
while the reported ratios are not consistent with each other (Norum and Seiner, 1982; Troutt
and McLaughlin, 1982; Tinney, Glauser, and Ukeiley, 2008; Thurow et al., 2008). Murray and
Lyons developed an image analysis method of shadowgraph images and estimated the convection
velocity from the Mach wave emission angle (Murray and Lyons, 2016). We applied this image
analysis method to the schlieren image which clearly visualizes the Mach wave. Figure. 2.14
(a) shows the original schlieren image and the position of the observers indicated by circles.
The Mach wave emission angle is calculated from the extracted image which has 128 × 128
pixels centered on the observer position. Here, 24 observers were employed and the streamwise
distribution of the Mach wave emission angle was obtained. The observers are located at
x/D = 0.5 intervals along the jet flow direction with keeping the vertical distance of y/D = 3.5.






Here, Uc is the convection velocity, a∞ is an ambient sound speed and θ is the Mach wave
emission angle. The Mach wave was supposed to propagate from the shear layer with keeping
its emission angle. The actual streamwise position of the estimated convection velocity can
be calculated from the vertical distance between the observer position and the position of the







Here, xc is the streamwise position of the estimated convection velocity, yobs and y0.5 are the
vertical coordinates of the position of the observer and the position where the jet velocity is
half of the axial velocity. In the present study, the position of the half-width obtained from
the PIV results is employed. The image analysis method developed by Murray and Lyons is
originally used for extracting the shock front propagation angle from a shadowgraph image.
However, we applied this method to the schlieren image in the present study because the Mach
wave emission cannot be clearly extracted from our shadowgraph images. The details of this
method are described below. The extracted image of 128 × 128 pixels for calculating the Mach
wave emission angle is shown in Fig. 2.14 (b). This spatial interrogation image is extracted at
each observer point. Firstly, the spatial bandpass filter is processed after the two dimensional
Fourier transformation, and the steep intensity changes due to the Mach wave emission are
emphasized. Figure 2.14 (c) shows the Fourier coefficient of the image with a bandpass filter.
Secondary, auto-correlation of the extracted image was calculated from the Fourier coefficient in
the frequency domain. The distribution of this autocorrelation image corresponds to the Mach
wave emission as shown in Fig. 2.14 (d). Finally, the Radon transform was applied and the
Mach wave emission angle was estimated from the autocorrelation. The Radon transformation
calculates the convolution of the given function along the straight integrated path which is
corresponding to each angle. Fig. 2.14 (e) shows the results of the Radon transform calculated
from the autocorrelation image. The results of the Radon transform has a peak at the location
corresponds to the Mach wave emission angle. Therefore, a peak of Radon transformation was
detected to be the Mach wave emission angle. In the present study, the Mach wave emission
angle is calculated from 2,000 schlieren images. The calculated Mach wave emission angle
is shown in Fig. 2.15. The horizontal axis is the streamwise position of the observers divided
by the nozzle diameter. The vertical axis is the estimated angle and its error bar corresponds
to the standard deviation of the estimated angle. Figure 2.15 illustrates that the Mach wave
emission angle is approximately 37 degree at the maximum around x/D = 4, and its value
agrees well with that of the previous report (Troutt and McLaughlin, 1982). At the upstream
side (x/D < 3), the estimated angle has a large statistical error because this region is outside of
the Mach wave emission. The estimated Mach wave angle decreases towards the downstream
and its error also increases. At the downstream side, the Mach wave has a large variety of
wavelength because the turbulent structure becomes lager. Therefore, the estimation error also
increases at the downstream side.
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(b) (c) (d) (e)
(a)  Schematic image of estimating the convection velocity
Figure 2.14: Schematic of image analysis method for estimating the Mach wave
emission angle; (a)schlieren image and the position of observer; (b) raw schlieren
image extracted from the original image; (c) image of Fourier coefficient after spa-



















In recent years, it is easy to obtain detailed data rich in spatial and temporal resolutions thanks
to the development of measuring instruments. In general, it is difficult to understand physical
phenomena from such enormous data. Here, POD (Berkooz, Holmes, and Lumley, 1993) is an
effective method for extraction of the principle components from such data. This method is a
linear decomposition method that gives us the most energetic modes of the unsteady flow and
acoustic fields. In the present study, the frequency-domain POD was applied to acoustic fields
in order to efficiently extract the acoustic wave propagation pattern from the schlieren images.
The schematic of standard time-domain POD is shown in Fig. 2.16. The green points
in Fig. 2.16 indicate the images of time series data. The standard time-domain POD simply
processes these data in the time direction. However, this method is not suitable for complex
flows or acoustic fields like a supersonic jet flow because several hundred modes are required for
90% reconstruction of the original flow fields in the case of the broadband frequency phenomena
(Freund and Colonius, 2009). In this case, even the first mode has only a few percent of entire
energy. This poor decomposition energy is due to the complexity of the acoustic fields containing
the broadband frequency phenomena. Therefore, it is difficult for us to understand the main




Figure 2.16: Schematics of the standard time-domain POD.
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Figure 2.17: Schematics of the frequency-domain POD.
Instead, the frequency-domain POD gives us only several modes for the reconstruction of
more than 90% of the original flow fields, and thus it is very simple to understand, though
only a limited frequency range was analyzed (Suzuki et al., 2007; Nonomura and Fujii, 2010).
Another advantage is that the frequency-domain POD gives us phase-lag information while such
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information is lost for the time-domain POD. The phase information can also be obtained using
conventional discrete Fourier transformation (DFT). However, it is necessary to adjust the phase
of each data in order to perform ensemble averaging without losing the phase information. For
this problem, Nakakita (2013) calculated the phase information between each pixel on the image
and one reference pixel that was determined using the maximum signal strength. It is necessary
to select the local reference pixel on the image in this way. This means that the phase information
depends on the local reference pixel of the image. On the other hand, the frequency-domain
POD calculates the phase information from the mode of the entire field. This point enables us
to obtain the phase information without depending on the local reference pixel selection.
Figure 2.17 shows a schematic of the frequency-domain POD. Thismethod calculates Fourier
coefficients from a certain length of time series data before POD analysis. In the present study,
the intensity of the schlieren image was used for the analysis. First, short-term DFT is conducted
for the segments of the time series data. The length of the time series data for DFT was four
time periods of the target Strouhal number (140 images at St = 0.125) based on previous studies
(Suzuki et al., 2007; Nonomura and Fujii, 2010) whereas the Hanning window for DFT was
adopted. This data length for DFT is determined to obtain the phenomena, which are peaky and
broadband corresponding to about one-sixth of the bandwidth. Second, a complex number POD
is applied to the transformed Fourier coefficients. This procedure gives us the most energetic
modes for each frequency.
2.5 Results and Discussion
This chapter mainly describes two analysis methods of the velocimetry for estimating the
convection velocity using the single-pixel ensemble correlation method and the visualization
of acoustic waves based on the frequency-domain POD analysis. Firstly, the effectiveness of
the single-pixel ensemble correlation method for PIV images was discussed in Section 2.5.1.
The results of the simple and less expensive velocimetry for estimating the convection velocity
using SIV is shown in Section 2.5.2 after the confirmation that the single-pixel ensemble
correlation method can calculate the temporal averaged velocity fields with sufficiently high
spatial resolution. All of these results were measured using an ideally expanded jet reproduced
by the CD nozzle because shock waves that have a gap in the velocity fields should not appear.
Secondary, the results of the frequency-domain PODanalysiswere discussed in Section 2.5.3.
Both of CD and conical nozzles are employed for the analysis and the turbulent mixing noise and
the shock associated noise are separately investigated. The basic characteristics of the flow and
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acoustic fields are firstly shown based on the original schlieren images and the distribution of
the near-fields sound pressure level, and the characteristic frequencies of acoustic waves such as
the Mach number or screech are identified. The results of the frequency-domain POD analysis
were shown focusing on the characteristic frequencies observed in near-fields measurements.
2.5.1 Velocity Fields Calculated from PIV Images
Figure 2.18 shows the axial velocity distribution calculated from PIV images using the single-
pixel ensemble correlation method. A supersonic jet was reproduced by the CD nozzle and
the ideally expanded flow without shock waves are achieved. The axial velocity u is divided
by U j = 510 m/s which is the theoretical freestream velocity at the nozzle exit calculated
with the assumption of the isentropic flow. The 20,000 pairs of PIV image are processed by the
single-pixel ensemble correlationmethod. The single-pixel ensemble correlationmethod clearly
extracts the velocity distribution of the supersonic jet with high spatial resolution. A periodic
velocity fluctuation which indicates the presence of the weak shock-cell structure appears in the
potential core of the jet flow. This seems to be due to the change in the effective nozzle diameter
due to the boundary layer growth. The shockwave appears despite the ideally expanded condition
because the boundary layer inside the nozzle makes the effective nozzle diameter small. The
velocity fluctuation of a supersonic jet basically increases towards the downstream direction
due to the mixing of the jet. Thus, the convergence of the correlation calculation where the
velocity fluctuation is large requires a larger number of ensembles for accurate estimation of the
velocity fields. The number of PIV images for the calculation is supposed to be sufficiently high
because the temporal averaged velocity field shown in Fig. 2.18 illustrates the reasonable basic











Figure 2.18: Axial velocity distribution acquired by PIV.
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Figure 2.19 shows the comparison of the axial velocity profile of a supersonic jet estimated
by the single-pixel ensemble correlationmethod and the conventional spatial correlationmethod.
The commercial software (Dynamic Studio 6.0, Dantec Dynamics) was used for calculating the
conventional spatial correlation. The size of the spatial interrogation window was set to be 8× 8
pixels. Thus, the spatial resolution of the conventional spatial correlation method is one eighth
compared with that of single-pixel ensemble correlation method. The velocity profile at the
downstream side (x/D > 4) estimated by the single-pixel ensemble correlation method shows
good agreement with that by the spatial correlation methods as shown in Fig. 2.19. However, the
velocity profile estimated by the spatial correlation method cannot resolve the steep gradient of
the velocity fields in the thin shear layer near the nozzle exit (x/D = 1, 2, 4). The velocity profile
of the spatial correlation method is smeared compared with that calculated by the single-pixel
ensemble correlation method. This is due to the lack of spatial resolution because the size
of the interrogation window limits the spatial resolution. Therefore, the single-pixel ensemble













x/D=1 x/D=2 x/D=4 x/D=6 x/D=8 x/D=10
Velocity calculated by conventional spatila correlation 
 ( Spatial intterogation window : 8×8 pixels )
Velocity calculated by the single-pixel ensemble correlation
Figure 2.19: Comparison of the axial velocity profile of a supersonic jet be-
tween the single-pixel ensemble correlation method and the conventional spatial
correlation method.
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Troutt and McLaughlin (1982), M=2.1, Re=5.2×106
Present study, M=2.0, Re=1.0×106
Figure 2.20: Shear layer thickness and the jet half-width.
Figure 2.20 shows the shear layer growth rate and the jet half-width which is the radial
location where the velocity is half of the axial velocity at the center line of the jet. The upper
side plot in this figure shows the half-width, the bottom side plot shows the shear layer thickness,
respectively. The thin shear layer thickness near the nozzle exit can be calculated thanks to
the high spatial resolution of the single-pixel ensemble correlation method. The shear layer
thickness is calculated by a curve fit for the velocity profiles in the way adopted by Troutt and







for η > −0.5






where δ is the local shear layer thickness, u is the axial velocity, r0.5 is the radial location where
the velocity is half of the axial velocity at the centerline of the jet. The shear layer grows linearly
as shown in Fig. 2.20. This means that the shear layer does not have the laminar to turbulent
transition because the Reynolds number is sufficiently high and the boundary layer is already
turbulent at the nozzle exit. The basic characteristics of the velocity field of a supersonic jet
(Re = 106) were clearly observed using the single-pixel ensemble correlation. The applicability
of the SIV technique using the single-pixel ensemble correlation is discussed in the next section.
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2.5.2 Velocity Fields Calculated from SIV Images
Figure 2.21 shows the axial velocity distribution calculated from the SIV images. The axial
velocity u is again divided by U j = 510 m/s which is the theoretical freestream velocity at the
nozzle exit calculated with the assumption of the isentropic flow. The radial distribution of the
axial velocity at each streamwise position is also shown in Fig. 2.22. Note that SIV results
show the ray-path-averaged velocity. The potential core and the development of the shear layer
are clearly visualized from the SIV images using the single-pixel ensemble correlation method.
The velocity is not calculated near the nozzle exit in both cases. The calculation error of the
velocity is also large near approximately x/D = 0 ∼ 2. The intermittency of the turbulent
structure near the nozzle exit is remarkable compared with that of the downstream side because
the size of the density gradient owing to the turbulent structure near the nozzle exit is too small
to be visualized in the SIV images. Therefore, the signal-to-noise ratio of the SIV image for the
calculation of the cross-correlation is low near the nozzle exit and it causes the calculation error
of the velocity. This trend agrees well with that of the previous report (Hargather et al., 2011).
In addition, there are some discontinuous regions of the calculated velocity in the potential core
region in both cases. This is due to the shock-cell structures that were observed in PIV results
as shown in Fig. 2.18. The stationary shock wave is visualized by a strong intensity variation on
the SIV images because the shock wave has relatively strong density changes and its structure
are visualized with the integration along the ray path. Therefore, the signal for calculating the
cross-correlation significantly decreases near the stationary shock wave because the turbulent
structure cannot be visualized anymore.
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(a) Velocity calculated from the shadowgraph image
(b) Velocity calculated from the schlieren image
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Figure 2.21: Axial velocity distribution acquired by SIV.
Figure 2.19 shows that SIV can calculate the velocity profile of a supersonic jet qualitatively.
The velocity profile has the discontinuous region around the ambient flow because of the mask
which is used for separating the flow field and the acoustic field as mentioned in Section 2.4.1.
This indicates that the mask region for excluding the acoustic fields was slightly large. Thus,
the complete separation between the flow and the acoustic fields is considered to be difficult
because the SIV image visualizes the density gradient.
Themaximum velocity at each streamwise position was observed in the potential core region.
The maximum velocity of SIV is approximately are 0.8 ∼ 0.7 times of U j . In addition, the
maximum velocity of the schlieren image is lower than that of the shadowgraph image. This
low velocity of SIV seems to represents the convection velocity of the visualized larger-scale
turbulent structures, as shown in Figs. 2.11 and 2.13. The SIV technique calculates the velocity
based on the movement of the density gradient due to the turbulent structure with the integration
along the ray-path. This implies that the results of SIV strongly depends on the flow topology
and the scale of the visualized turbulent structure. In the case of an axisymmetric jet, the ray
path of the schlieren or shadowgraph system crosses the potential core surrounded by the shear
layer which has various scale turbulent structure. If there is not supposed to be any turbulent
structure inside the potential core of the jet, the potential core region of SIV images represents
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Figure 2.22: Comparison of estimated axial velocity distribution at each stream-
wise position.
the integrated turbulent structure of two shear layers facing each other. The visualized turbulent
structures in these two shear layers move with the same velocity because of the axisymmetric
jet. Therefore, the velocity in the potential core region calculated from the SIV images seems
to depend on only the scale of the most clearly visualized turbulent structure of the shear layer
surrounding the potential core region in the case of an axisymmetric jet. Moreover, its velocity
may represent the local convection velocity of the most clearly visualized turbulent structure.
The shadowgraph and schlieren images generally visualize the turbulent structures of various
scales which locate at various position in the shear layer. The scale of the visualized turbulent
structure differs between shadowgraph and schlieren images as shown in Figs. 2.11 and 2.13.
The shadowgraph and schlieren images visualize the second derivative of the density field and
the density gradient, respectively. The shadowgraph image visualizes relatively smaller-scale
turbulent structure than that of the schlieren image because the second derivative emphasizes
the variation with a larger wave number, which corresponds to the finer-scale turbulent structure.
The relation between the convection velocity and the scale of the visualized turbulent structure
is described using the schematic image of the turbulent structure in the shear layer as shown in
Fig. 2.23. The velocity profile of the shear layer is shown on the left side of Fig. 2.23. The
local density of the potential core side of the shear layer is higher than that of the ambient side
because of the cold jet. The possible maximum scale of the turbulent structure in the shear
layer obviously corresponds to the local shear layer thickness. When the scale of the visualized
turbulent structure is smaller than that of the local shear layer thickness, each turbulent structure
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at the various position in the shear layer flows with each local convection velocity. This local
convection velocity reaches the maximum value at the potential core side of the shear layer and
the maximum convection velocity becomes slower with increasing the scale of the turbulent
structure. Here, the shadowgraph or schlieren images of a cold jet may emphasize the turbulent
structure of the potential core side of the shear layer which has the larger value of the convection
velocity than that of the ambient side because the local density of a cold jet is higher than that
of ambient air. Thus, the SIV using the single-pixel ensemble correlation method may calculate
the convection velocity at the potential core side of the shear layer of which value depends on the
scale of the visualized turbulent structure. The difference of the maximum velocity calculated
from the shadowgraph and schlieren image seems to be due to the difference in the scale of
the visualized turbulent structure, whereas the schlieren image visualizes the larger turbulent
















visualized turbulent structureturbulent structures at various position
(a) Visualization of the shadowgraph image
(b) Visualization of the schlieren image
maximum local
convection velocity
Figure 2.23: The relation between the convection velocity and the scale of the
visualized turbulence structure.
Figure 2.24 shows the streamwise distribution of the axial velocity calculated by PIV and
SIV at the center axis of the jet. The convection velocity estimated from the Mach wave
emission angle is also shown in Fig. 2.24, and the results of SIV and the convection velocity
is compared. The calculated velocity near the nozzle exit (x/D < 2) by SIV is not shown
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because the calculation error due to the intermittency of the turbulent structure is large as shown
in Fig. 2.21. The periodic velocity fluctuation appears in the velocity of PIV because of the
shock-cell structures. On the other hand, the velocities calculated from the SIV images are
not affected by the shock-cell structures while the velocities are lower than that of PIV. The
velocities calculated from the shadowgraph and schlieren are approximately 0.8 and 0.7 times of
U j , respectively. The velocity calculated from the shadowgraph image shows good agreement
with the convection velocity estimated from theMachwave emission angle as shown in Fig. 2.24.
Thus, the shadowgraph image is considered to visualize the turbulent structure which generates
the Mach wave. On the other hand, the velocity calculated from the schlieren image is lower
than that of shadowgraph image because the schlieren image visualizes the relatively large-
scale turbulent structure which moves with a slower velocity than the turbulent structure which

















Figure 2.24: Comparison of the axial velocity estimated by PIV and SIV at the
center axis of the jet with the convection velocity estimated from the Mach wave
angle.
2.5.3 Identification of Acoustic Wave Propagation Pattern
The frequency-domain POD analysis is applied to the time-resolved schlieren images and the
acoustic wave propagation pattern was identified in this section. Both of the CD and the conical
nozzles are employed for reproducing a cold supersonic jet and two types of acoustic waves such
as turbulent mixing noise and shock associated noise are measured. The basic characteristics of
aeroacoustic fields are firstly shown in both cases and the results of the frequency-domain POD
analysis are discussed based on the observed characteristic frequencies.
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Basic Characteristics of the Aeroacoustic Fields
The schlieren images of far-field which emphasize the density gradient in the flow direction
are shown in Fig. 2.25. The results clearly show the flow structures and the existence of the
Mach wave. In the case of the conical nozzle, schlieren image also shows the strong shock-cell
structures in the potential core of the jet as compared with the CD nozzle. However, the weak
shock waves were generated even with the CD nozzle. This seems to be due to the change in the
effective nozzle diameter due to the boundary layer growth as the same reason for PIV results
shown in Section 2.5.1. However, the shock waves of the CD nozzle are sufficiently smaller than
that of conical nozzle. This indicates that the employment of the CD and the conical nozzle
can separately reproduce an ideally expanded jet without shock-cell structures and that with
shock-cell structures.




















Figure 2.25: Near-field schlieren images of jet flow.
Figure 2.26 shows the acoustic spectrum near nozzle exit (x/D = 0, r/D = 4). The conical
nozzle has a characteristic peak at St = 0.125 and a strong acoustic intensity level over the
whole frequency range as compared to the CD nozzle. This is due to the shock associated noise
generated by the strong shock-cell structures as shown in Fig. 2.25. The sharp peak observed in
the conical nozzle seems to be due to screech because the frequency characteristics are similar to
that of the typical noise spectrum of a supersonic jet shown in Fig .1.6 (Tam, 1995). In addition,
the peak of the broadband shock associated noise also appears on the high-frequency side of
screech. The reason why the peak of turbulent mixing noise was not observed in both cases is
that the observer position is outside of the Mach wave propagation.
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Figure 2.26: Acoustic spectrum of each nozzle near the nozzle exit.
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CD nozzle Conical nozzle
Figure 2.27: Distribution of OASPL and OBSPL.
The distributions of the overall sound pressure level (OASPL) and the octave-band filtered
sound pressure level (OBSPL) in the near field are shown in Fig. 2.27. OASPL shows that the
strongest noise source is located at near x/D = 14 ∼ 16 in both cases with different nozzles.
This position seems to be the end of the potential core. In the case of the CD nozzle, OBSPL
clearly shows directivity towards downstream of the Mach wave for all frequencies. The noise
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source position moves the upstream side as the Strouhal number increases. Moreover, the angle
of Mach wave radiation increases as the Strouhal number increases. The tendencies of the Mach
wave radiation angle and source location are in good agreement with the computational results
of Mj = 3.0 by Nonomura and Fujii (2013). On the other hand, the OASPL of the conical nozzle
near the nozzle exit is higher than that of the C-D nozzle. The OBSPL of the conical nozzle also
has strong noise near the nozzle exit at St = 0.125. This Strouhal number corresponds to that
of the screech tone shown in Fig. 2.26. Moreover, the conical nozzle has an acoustic wave with
a different directivity from the Mach wave at St = 0.25, 0.5. This acoustic wave is considered
to be a broadband shock-associated noise.
Frequency-domain POD Analysis
Frequency-domain POD was conducted and the results are discussed. Figure 2.28 shows the
energy ratio of the most energetic modes for St = 0.125 of both nozzles. Figures 2.29 and 2.30
show the three most energetic modes at St = 0.125. The monochrome image at the bottom is
the schlieren image, and the color contours show the results of the frequency-domain POD. The
upper, middle and bottom figures show the distribution of the real part, the amplitude, and the
phase, respectively. The real part and the phase are considered to represent an instantaneous
acoustic propagation pattern, and the direction in which the phase increases corresponds to the
direction of the acoustic wave propagation. The amplitude is considered to represent the SPL.
Therefore, the high-amplitude region seems to be an acoustic source position.
In the case of the CD nozzle, 89 modes are required for 90% reconstruction of the DFT
image processed at St = 0.125 as shown in Fig. 2.28. All of three most energetic modes of CD
nozzle show the Mach wave propagates in the downstream direction. On the other hand, only 13
modes are required for 90% reconstruction of the image data processed using DFT in the case
of the conical nozzle. Especially, the energy ratio of the first mode reaches around 82% and
its spatial distribution is significantly different from that of the Mach wave observed in the CD
nozzle. The real part shows omnidirectional acoustic waves, and the amplitude shows two strong
noise sources that are located at the point of interaction between the stationary shock waves and
the shear layer. These results indicate that the directivity and source position of the screech tone
are clearly visualized by the schlieren images after post-processing using the frequency-domain
POD. The difference in the modes of each nozzle means that the screech tone is dominant for
the conical nozzle because the first mode that indicates the screech tone has quite high energy.
For the CD nozzle, the peaky noise at St = 0.125 is not observed in the acoustic spectra, as
shown in Fig. 2.26. Therefore, the number of modes in the CD nozzle for re-construction will
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increase because of the poor energy of each mode. In addition, the second and third modes of
the conical nozzle show the propagation pattern like the Mach wave. Therefore, the acoustic
field of the conical nozzle includes not only screech tone but also the Mach wave whereas the
energy ratio is low.
The frequency-domain POD for the other target Strouhal numbers (St = 0.25, 0.5, 1.0) is
also conducted for both nozzles. Only the first mode of each nozzle is discussed because these
results do not show a large difference from the first mode to the third mode. Figure 2.31 and
2.32 show the real part, the amplitude, and the phase of the first mode at each target Strouhal
number. For CD nozzle, the Mach waves are clearly extracted at all the Strouhal numbers. As
the Strouhal number increases, the wave length of the acoustic wave extracted becomes shorter
and the angle of the Mach wave radiation increases. These characteristics are in good agreement
with the results, as shown in Fig. 2.27. The acoustic wave propagation pattern of the conical
nozzle basically has the same trends as observed in the CD nozzle. On the other hand, the results
of the conical nozzle show a slip in acoustic wave propagation at St = 1.0. Moreover, the wave
length suddenly becomes shorter at the edge of the Mach waves. These changes in the acoustic
wave propagation pattern seem to be due to the influence of a screech tone because the position
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Figure 2.28: Energy ratio of modes at St = 0.125.
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Figure 2.29: Three most energetic modes of CD nozzle at St = 0.125.
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Figure 2.30: Three most energetic modes of Conical nozzle at St = 0.125.
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Figure 2.31: Most energetic modes of CD nozzle at St = 0.25, 0.5, 1.0.
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Figure 2.32: Most energetic modes of Conical nozzle at St = 0.25, 0.5, 1.0.
2.6 Conclusions
This chapter mainly describes two analysis methods of the velocimetry for estimating the
convection velocity based on SIV and the visualization of acoustic waves based on the frequency-
domain POD analysis. The verification of these analysis methods was performed using data of
a laboratory-scale cold supersonic jet with the nozzle exit diameter of 10 mm corresponding
Reynolds number is Re = 106. The standard schlieren and shadowgraph visualization was
performed by means of a pulsed LED light source for the SIV. The particle image velocimetry
(PIV) is also conducted to investigate the basic properties of the velocity fields in a supersonic
jet.
The single-pixel ensemble correlation method is significantly effective for a supersonic jet
because the velocity field calculated from PIV images clearly visualize the potential core and
the shear layer development with high spatial resolution. The velocity profile with the steep
gradient of the thin shear layer was measured by PIV with high spatial resolution.
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The scale of the visualized turbulent structures of SIV is evaluated from the auto-correlation
map of each image under the assumption that the auto-correlation peak has a Gaussian profile.
The estimated diameter of shadowgraph images is approximately 3 pixels while the diameters
of schlieren images are approximately 2.3 times that of shadowgraph images. This large diame-
ter of schlieren images indicates that the visualized turbulent structures are larger than those of
shadowgraph images. The results of SIV show the qualitative flow velocity fields of a supersonic
jet such as a potential core and the shear layer development. The maximum velocities calculated
from the shadowgraph and schlieren images are approximately 0.8 and 0.7 times of U j , respec-
tively. This difference of the maximum velocity seems to be due to the difference in the scale of
the visualized turbulent structures because the maximum convection velocity decreases as the
scale of the turbulent structures increases. In addition, the maximum velocity of shadowgraph
images agrees well with the convection velocity estimated from the Mach wave emission angle.
This result implies that the visualized turbulent structures of shadowgraph images relate to the
generation of the Mach wave. Therefore, the results of SIV technique using the single-pixel
ensemble correlation method is affected by the scales of the visualized turbulent structures.
The frequency-domain POD was applied to the time-resolved schlieren images of a super-
sonic jet without shock-cell structures and that with shock-cell structures. The results of the
frequency-domain POD analysis shows the propagation pattern of the Mach wave and screech
in each case. In the case of the shock-containing jet, the frequency-domain POD can extract
the omnidirectional propagation pattern of screech at St = 0.125 which corresponds to the
fundamental screech frequency observed in the microphone measurement. The propagation
pattern of the Mach waves are also observed in both cases, and the basic characteristics of which
Mach wave propagation angle increases with increasing the frequency and the source position
moves the upstream side with increasing the frequency were clearly visualized. Therefore, the
frequency-domain POD analysis is still effective for investigation of the acoustic waves emitted
from a supersonic jet.
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Reynolds Number Effect of a Supersonic
Jet on the Aeroacoustic Fields
3.1 Introduction
A supersonic jet is often used for the engineering fields and it emits strong acoustic waves
resulting in serious problem as described in Section 1.1. The shear layer development and the
acoustic field of a supersonic jet strongly depend on the initial condition at the nozzle exit such
as the Reynolds number, the velocity profile, and the disturbance inside the boundary layer. The
computations of a subsonic or supersonic jet indicated that the initial condition at the nozzle
exit affects the laminar-to-turbulent transition of the shear layer near the nozzle exit (Bogey and
Bailly, 2010; Bogey, Marsden, and Bailly, 2012; Nonomura and Fujii, 2013; Nonomura et al.,
2016; Nonomura et al., 2019). Practically, the Reynolds number effect is not considered to
appear in the turbulent features of an axisymmetric supersonic jet when the Reynolds number is
sufficiently high such as (Re ≥ 4 × 105) (Bailly and Fujii, 2016). Therefore, the characteristics
of the aeroacoustic fields of a high-Reynolds-number jet (Re > 106) are discussed well because
the applications are an airplane or a rocket engine noise, the Reynolds number of which is much
higher. However, a lab-scale jet that has a small diameter might have the transition and its
experimental results should be interpreted carefully. The Reynolds number dependence near
the transitional conditions of Re ≈ 105 has rarely been investigated. In addition, from the
viewpoint of the engineering, the aeroacoustic fields of the transitional jet should be understood
well because the low-Reynolds-number jet might be used when a space vehicle reaches a high
altitude or considering a micro-jet device.
The Reynolds number dependence of a supersonic jet on the aeroacoustic fields had been
studied by several researchers in the early days. Here, the Reynolds number is calculated
using the diameter of the nozzle exit and the jet velocity at the nozzle exit. McLaughlin,
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Morrison, and Troutt (1977) experimentally investigated the Reynolds number dependence of
supersonic jet noise in the range of 5300 < Re < 107,000 with the Mach number of 1.5 and 2.3.
Their experiment showed that the sound pressure of the low-Reynolds-number jets (Re ≈ 103)
has comparable amplitude with the high-Reynolds-number jets (Re ≈ 105). Morrison and
McLaughlin (1980) andMcLaughlin, Seiner, and Liu (1980) also investigated the flow instability
using a hot wire and they compared the predictions of the instability analysis with near-fields
acoustic measurements in the Reynolds number range of 8000 < Re < 5.6 × 106. Troutt
and McLaughlin (1982) investigated the aeroacoustic fields of a moderate Reynolds number
jet (Re = 70,000). They compared the acoustic field of the moderate Reynolds number jet
and showed that the position of the strong sound pressure level moves downstream side where
the flow fluctuation saturates as the Reynolds number decreases. However, their experimental
data do not directly illustrate the laminar-to-turbulent transition that is one of the important
phenomena characterizing the aeroacoustic fields of a transitional supersonic jet because the
shear layer development cannot be observed in detail from the spatially discrete data of the hot
wire measurements. Therefore, there are still few experimental data of the aeroacoustic fields
of a transitional supersonic jet that clearly illustrate the relation between the turbulent transition
and the aeroacoustic fields.
The main objective is to investigate the Reynolds number effect of a transitional supersonic
jet on the aeroacoustic fields experimentally. Especially, this chapter focuses on the relation
between the laminar-to-turbulent transition and the aeroacoustic fields. A lab-scale axisymmetric
supersonic jet of which the exit diameter is 10 mm was reproduced for two different facilities,
and the different Reynolds numbers 106 and 105 were reproduced in each facility. One is a
jet generating system using high-pressure air, and the other is using a vacuum chamber. The
laminar-to-turbulent transition is considered to occur in the flow fields of the lower-Reynolds-
number jet (Re = 105). Therefore, the effect of disturbance in the nozzle inlet condition on the
aeroacoustic fields of the low-Reynolds-number jet was also investigated because the disturbance
can promote the earlier transition. The ideally expanded cold supersonic jet of the Mach number
of 2.0 was measured by means of particle image velocimetry (PIV), schlieren visualization and
near-field acoustic measurement using microphones. The results of PIV were firstly discussed
and the characteristics of the velocity fields were clarified quantitatively. Then, the schlieren
image which visualizes the density gradient field was analyzed and the interaction between the
flow and acoustic fields was investigated. The results of near-field acoustic measurements are
finally shown and the relation between the flow and acoustic fields is discussed.
62
3.2. Configuration of a Supersonic Jet
3.2 Configuration of a Supersonic Jet
This chapter employs three kinds of nozzles for reproducing a supersonic jet as shown in
Table 3.1. Firstly, there are two types of nozzle geometry for controlling the presence of the
disturbance as shown in Fig. 3.1. Note that the designMach number Md of all nozzles are 2.0. The
black solid line in Fig. 3.1 shows the cross-sectional geometries of the convergent-divergent (CD)
nozzle of which downstream part from the throat was designed by the method of characteristics
of compressible flow. The geometry of the upstream side from the throat was determined by
cosine function. Thus, the CD nozzle can reproduce the ideally expanded supersonic jet when
the operating condition of the nozzle pressure ratio (NPR) is 7.8 corresponding to the design
Mach number Md = 2.0. The blue solid line in Fig. 3.1 shows the CD nozzle with the tabs for
generating the disturbance. The cross-sectional geometry of this nozzle is the same as that of
the CD nozzle W/O disturbance except for the tabs. The tabs are installed at the streamwise
position of x/D ≈ 4.5 which corresponds to the upstream side of the throat and the subsonic
flow region. This is because adding disturbance in the subsonic region does not lead to the
generation of the shock waves. The height of the tabs was set to be the boundary layer thickness
(0.03D) estimated by the two-dimensional computation of the nozzle flow.
Both of these nozzles were made of resin manufactured by the stereolithography and their
diameter at the nozzle exit was set to be 10 mm. These nozzles are used in the two types of
jet generating systems and the different Reynolds numbers based on the diameter of the nozzle
exit are reproduced as shown in Table 3.2. One is a jet generating system using high-pressure
air and it realizes the high-Reynolds-number jet (Re = 1.0 × 106). The other uses a vacuum
chamber and the low-Reynolds-number jet (Re = 1.0×105) can be realized under a low-pressure
condition. In addition, another nozzle of which cross-sectional geometry is CD-W/O disturbance
nozzle was employed in this chapter and a supersonic jet of the middle-range Reynolds number
Re = 7.0 × 105 was reproduced. The exit diameter of this nozzle was 7.07 mm corresponding
to the half size of the nozzle exit area. This nozzle was made of steel use stainless (SUS)
manufactured by the Electrical Discharge Machining (EDM).
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Figure 3.1: Cross-sectional geometries of the axisymmetric nozzles.
Table 3.1: Three kinds of nozzles.
Nozzle geometry CD-W/O Disturbance CD-W/ Disturbance
Exit diameter 7.07 mm 10.0 mm 10.0 mm
Throat diameter 5.45 mm 7.69 mm 7.69 mm
Material SUS Resin Resin
Machining Method EDM Stereolithography Stereolithography
Table 3.2: Operating condition of supersonic jet nozzles.
Exit diameter D 10 mm 7.07 mm 10 mm
Ambient pressure P∞ Vacuumed Atmospheric Atmospheric
Reynolds number Re 1.0 × 105 7.0 × 105 1.0 × 106
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3.3 Experimental Setup of a Jet Generating System using
High-pressure Air
3.3.1 Jet Generating System
The high-Reynolds-number jet (Re = 106) is realized bymeans of the jet generating system using
high-pressure air installed in the anechoic room at Tohoku University. The schematic image
of the jet generating system and the anechoic room are shown in Fig. 3.2. The jet generating
system consists of a pump, a high-pressure air tank, a plenum chamber and the nozzle for a
supersonic jet. This jet generating system also has a seeding device for PIV measurement and its
supply of the high-pressure air is the same high-pressure air tank as the that of the mainstream.
The plenum chamber is installed in the center of the anechoic room and the nozzle is fixed
on the plenum chamber. The size of the anechoic room is approximately (3 × 3 × 2m) and it
is sufficiently large compared with that of the nozzle. The NPR is calculated as the ratio of
the atmospheric pressure inside the anechoic room and the static pressure inside the plenum
chamber. The NPR was set to be 7.8 which is corresponding to the flow of Mj = 2.0, and the
ideally expanded supersonic jet was reproduced.
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(a) Schematic system of a jet generaating system
(b)  Anechoic room (c)  Plenum Chamber inside 
       the anechoic room
Figure 3.2: Schematics images of the jet generating system using high pressure
air and the anechoic room.
3.3.2 Particle Image Velocimetry
Figure 3.3 shows the schematic image of PIV system at the jet generating system of Tohoku
University. The two seeding devices were employed for filling both of the supersonic jet and the
ambient air with the seeding particles. Glycerin 50% aqueous solution was used for the tracer
particles. A particle size was approximately several micrometers. The seeding device for the
jet flow was connected to the high-pressure air tank which is shared with the mainstream pipe
as the supply of the high-pressure air. The generated seeding was merged at the intersection of
the pipes and it was mixed well while they are convected to the plenum chamber. The other
seeding device was connected to another pump and it was installed into the anechoic room to
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fill the anechoic room with the seeding particles. Therefore, the measured particle image has a
sufficiently high density of the seeding particles both inside and outside of the jet flow.
A double-pulsed laser system (LDY-300PIV, Litron Lasers) and a high-speed camera (Phan-
tomV611, Vision Research) were employed for the PIV system. The frame-straddling technique
was applied to the PIV system because the local velocity at the potential core of the jet is ap-
proximately 510 m/s. The temporal interval of the double-pulsed laser was set to be 1.2 us in
this chapter. A Nikon Lens (Nikkor 80-200mm f/2.8) was used for the optical system and the
image frame of 150 × 50 mm were visualized. The image resolution was 1280 × 400 pixels and
the sampling rate of each image pair was 1,000 Hz. The 20,000 image pairs were acquired in
this chapter, the velocity fields were calculated.
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Figure 3.3: Schematic image of PIV system at the jet generating system of Tohoku
University.
The acquired particle images were analyzed by the two algorithms. One is the conventional
spatial correlation method which can estimate the instantaneous velocity fields. The other is the
single-pixel ensemble correlation method which can calculate the temporal averaged velocity
field with the high spatial resolution instead of the instantaneous velocity fields (Westerweel,
Geelhoed, and Lindken, 2004). The commercial software for PIV (Dynamic Studio 6.7, Dantec
Dynamics) was employed and the instantaneous velocity fields were calculated with the con-
ventional spatial correlation method. The conventional method uses the spatial information
on the instantaneous particle images divided by the spatial interrogation window. Therefore,
the spatial resolution is limited by the size of the spatial interrogation window. The minimum
size of the interrogation window was 8 × 8 pixels in the present study and its spatial resolution
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corresponds to approximately 1.1 mm/vector. The instantaneous velocity fields calculated by
this conventional method were employed, and the standard deviation and the Reynolds stress
were calculated using the results.
The single-pixel ensemble correlation method was proposed by Westerweel, Geelhoed, and
Lindken (2004), and the velocity fields with the high spatial resolution of the unit of pixels were
calculated. This method calculates the velocity from the temporal evolution of the pixel intensity
instead of the spatial distribution of the intensity. Therefore, only the temporal averaged velocity
fields can be obtained (Section 2.4.1). Ozawa, Nonomura, and Asai (2019) and Ozawa et al.
(2019) applied this method to the supersonic jet flow and they showed that their results agree
well with those of the conventional spatial correlation method. This method was applied to the
supersonic jets of Re = 105 ∼ 106 in this chapter, and the details of the shear-layer-growth rate
were calculated with the high spatial resolution because the shear layer thickness of a supersonic
jet is very thin. The spatial resolution of velocity fields estimated by the single-pixel ensemble
correlation method in this chapter was approximately 130 um. Note that this correlation method
is used only for the calculation of the temporal-averaged velocity fields.
3.3.3 Schlieren Visualization
The schlieren visualization technique which can visualize the density gradient of the flow field
was conducted and the aeroacoustic fields of a supersonic jet were investigated. Figure 3.4
shows that the schematic image of the schlieren visualization system at the jet generating system
of Tohoku University. The standard Z-type schlieren system was employed for the visualization.
We used a pulsed light-emitting-diode (LED) light system (LE CG P3A 01-6V6W-1, OSRAM)
as a point light source (Komuro et al., 2017; Komuro et al., 2019). The light source was placed
outside of the anechoic room and the emitted light was collimated by a parabolic mirror having
a diameter of 200 mm. The collimated light passes through the windows of the anechoic room
facing each other as shown in Fig 3.4. The collimated light passed the jet flow was condensed
by the other parabolic mirror and the schlieren images were focused on the image sensor of the
camera using a convex lens.
The high-speed camera (Phantom V611, Vision Research) and a convex lens of which
focal length is 200 mm were used for acquiring the schlieren images. The spatial size of the
visualization was approximately 160 × 160 mm. The image resolution and the frame rate were
800 × 800 pixels and 4000 frame per seconds, respectively. The exposure time was controlled
by the pulsed LED light system and it was approximately 400 ns. The knife-edge was placed
and the density gradient of streamwise direction was emphasized. The acquired images were
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analyzed by the proper orthogonal decomposition (POD), and the relation between the flow









Figure 3.4: Schematic image of schlieren visualization system at the jet generating
system of Tohoku University.
3.3.4 Acoustic Measurement
Near-field acoustic measurements of a supersonic jet were conducted in the anechoic room by
means of a microphone. Figure 3.5 depicts that the observer position for near-field acoustic
measurements. The grid spacing was (x/D,r/D) = (4,2) corresponding to 40 × 20 mm and
the number of all grid points is 8 × 4. The acoustic signal was recorded for 3 seconds using
a microphone at each position and the measurement was repeated 32 times with moving a
microphone. A 1/4-inch condenser microphone (TYPE4158N, ACO) was used for the acoustic
measurement. Themicrophone sensitivity and themaximumsound pressure level (SPL)were 3.2
mV/Pa and 150 dB, respectively. The signal of a microphone was amplified using a power supply
(TYPE5006/4, ACO) and recorded using a computer through the DAQ analyzer (USB-6363,
National Instruments) and the shielded connector block (BNC-2120, National Instruments).
An acoustic calibrator (TYPE2127, ACO) was employed for the calibration of a microphone
and the calibration was conducted at 1000 Hz of 94 dB which corresponds to the fluctuation
amplitude of 1 Pa. The signal from a microphone was measured with a sampling frequency of
192 kHz. The frequency analysis using the fast Fourier transformation (FFT) was applied for
the measured data. The FFT analysis was conducted using the data length of 1024 points with
50% overlapping. The acoustic spectra were calculated as the 1000 times averaging of the FFT
results.
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Figure 3.5: Observer positions for near-field acoustic measurement.
3.4 Experimental Setup of a Jet Generating System using a
Vacuum Chamber
3.4.1 Jet Generating System
The low-Reynolds-number jet (Re = 105)was reproduced by means of the jet generating system
using a vacuum chamber at the Institute of Space and Astronautical Science/Japan Aerospace
Exploration Agency (ISAS/JAXA) shown in Fig. 3.6. This jet generating system consists of a
large vacuum tank, two vacuum pumps and the test section which involves a plenum chamber
and the nozzle. The atmospheric air was sucked into the test section and the supersonic jet flow
was realized under a low-pressure condition. Thus, the Reynolds number of the jet decreases
compared with that reproduced by the jet generating system using high-pressure air. The size
of the test section was approximately 0.9 × 0.5 × 0.4 m. The NPR was calculated as the ratio
of the static pressure inside the test section and the static pressure of the plenum chamber. The
NPR was 7.8 which corresponds to the jet Mach number of Mj = 2.0 and the ideally expanded
jet was reproduced. The Reynolds number of the supersonic jet based on the diameter of the
nozzle exit was Re = 105 in this jet generating system.
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Figure 3.6: Schematic image of the jet generating system using a vacuum chamber
at ISAS/JAXA.
3.4.2 Particle Image Velocimetry
The PIV measurement was also conducted in the test section of a low-pressure condition.
Figure 3.7 shows the schematic image of the PIV system of the jet generating system using a
vacuum chamber. The mixing tank in which the seeding particles and the atmospheric air can
be mixed was installed at the upstream of the plenum chamber and the particles were filled in the
supersonic jet flow. Glycerin 50% aqueous solution was used as the tracer particles and the size
of the particles was approximately several micrometers. The ambient flow inside the test section
was also filled with the seeding particles after the ventilating for tens of seconds. Therefore, the
acquired particle image has a sufficiently high density of the seeding particles both inside and
outside of the jet flow.
The PIV system including a high-speed camera and a double-pulsed laser system was the
same as that of a high-Reynolds-number jet. The temporal interval of the double-pulsed laser
was 1.2 us, and the size of the visualized area was 150 × 50 mm. A Nikon Lens (Nikkor 50mm
f/1.4) and a band-pass filter (Edmund 527 ± 20 nm) were employed as the optical setup of the
high-speed camera. The image resolution was 1280 × 400 pixels and the sampling rate of each
image pair was 1000 Hz. The 20,000 image pairs were acquired in the present study. The
acquired particle images were analyzed by the same methods as described in Section 2.4.1.
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Figure 3.7: Schematic image of PIV system using a vacuum chamber at
ISAS/JAXA.
3.4.3 Schlieren Visualization
Figure 3.8 shows the schematic image of the schlieren visualization system at the jet generating
system of ISAS/JAXA. We employed the standard Z-type schlieren visualization system with
parabolic mirrors having diameters of 300 mm. A xenon light source (LS-75, KatoKoken) was
used as a point light source and the collimated light passes through the test section. The same
high-speed camera as that for the high-Reynolds-number jet was used for the image acquisition.
A Nikon lens (Nikkor 80-200mm f/2.8) was used as the focal lens. The visualization area was
(130×80mm)with a sampling frequency of 18 kHz. The exposure time of each frame was 1 us,
and the bit depth was 12 bits. The knife-edge was placed and the density gradient of streamwise
direction was emphasized.
The signal to noise ratio (S/N) of the schlieren images significantly decreases in a low-
pressure condition because the amplitude of the density fluctuation decreases with decreasing
the static pressure inside the test section. Therefore, the additional image post-processing was
applied to the acquired schlieren images in a low-pressure condition. The schlieren images
without a jet flow were also acquired at each measurement. These schlieren images without
any flow were subtracted from the original schlieren images because they can be used as the
background noise image. This subtracting process effectively works to improve the S/N of the
original schlieren images. The post-processed schlieren images were analyzed by the POD,
and the relationship between the flow structures and the generation of the acoustic waves were
investigated.
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Figure 3.8: Schematic image of the schlieren visualization system using a vacuum
chamber at ISAS/JAXA.
3.4.4 Acoustic Measurement
Near-field acoustic measurements of a supersonic jet were also conducted in the test section
under a low-pressure condition. The microphone positions for acquisition of the distribution
of near-field acoustic fields were the same as those of the high-Reynolds-number jet as shown
in Fig. 3.5. The measurement system was also the same as that of the high-Reynolds-number
jet such as a microphone, an amplifier and data loggers. The measured data were analyzed by
FFT with the same FFT parameters of the high-Reynolds-number jet. On the other hand, there
are mainly two issues for measuring the acoustic fields in a low-pressure condition. One is that
the amplitude of the acoustic wave that is the pressure fluctuation decreases in a low-pressure
condition. The other is that the frequency characteristics of a microphone can be different in
a low-pressure condition because the relation between a diaphragm of a microphone and the
acoustic fluctuation may change.
The verification measurement was conducted and the characteristics of a microphone in a
low-pressure condition were evaluated. The acoustic spectra of a supersonic jet (Mj = 2.0)were
measured by means of a conventional microphone and the Kulite differential pressure transducer
(XCS-062-5D, Kulite) as a reference sensor of measuring the unsteady pressure fluctuation.
The measurements using a microphone and the Kulite sensor were performed and the observer
position of each sensor was at (x/D, r/D) = (24, 11) where the Mach wave is dominant. An
amplifier (Endevco Model 126, Meggitt Sensing Systems) was used for the Kulite sensor. The
reference pressure for the Kulite pressure transducer connected to the static pressure of the test
section. The data logging system for a microphone and the Kulite sensor was the same as that
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for the high-Reynolds-number jet. The sampling frequency of the acoustic signal was 150 kHz.
These sensorswere calibrated under the atmospheric pressure condition by the acoustic calibrator
(TYPE2127, ACO) at 1000 Hz of 94 dB which corresponds to the fluctuation amplitude of 1 Pa.
Equation 3.1 shows the definition of the sound pressure level (SPL) calculated from a voltage
signal of the sensors.




Here, the V and Vref are the voltage signal from a sensor and the reference voltage measured
using the acoustic calibrator under the atmospheric pressure condition, respectively. Note that
the amplitude of the pressure fluctuation decreases in a low-pressure condition as described
before. The reference voltage should be modified to convert the amplitude of the pressure
fluctuation in a low-pressure condition to that in the atmospheric pressure condition. This
modification is simply performed when the amplitude of the pressure fluctuation is supposed to
be proportional to the static pressure.




Equation 3.2 represents themodified reference voltageV ′ref . P and Patm is the static pressure in
a low-pressure condition and the the atmospheric pressure where the calibration was conducted.
This means that the SPL measured in a low-pressure condition can be converted to the SPL
in the atmospheric pressure condition by adding 20 log10 Patm/P corresponding to the pressure
ratio of the atmosphere and the test section.
Figure 3.9 shows the comparison of acoustic spectra of the Kulite sensor and a conventional
microphone measured at (x/D = 24,r/D = 11). Here, SPL is calculated using the Eqs. 3.1 and
3.2. The acoustic spectra clearly show the broadband peak of the Mach wave emission from a
supersonic jet and they agree well between the Kulite sensor and a microphone in the frequency
range of 1000 ∼ 20,000 Hz. This result indicates that a conventional microphone can be used
for the acoustic measurement in the low-pressure conditions in this frequency range. Therefore,
the results of acoustic measurement will be discussed only in the frequency of 1000 ∼ 20,000
Hz corresponding to the Strouhal number range of 0.02 ∼ 0.4 in this chapter.
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Figure 3.9: Acoustic spectra of the Kulite pressure transducer and a microphone
measured at the position where theMach wave is dominant (x/D = 24,r/D = 11).
3.5 Results and Discussion
This section mainly discuss about two topics of the Reynolds number effect and the disturbance
effect on the aeroacoustic fields of a supersonic jet. The Reynolds number effect was firstly
described using the experimental results of 3 conditions (Re = 1.0 × 105, 7.0 × 105, 1.0 × 106).
The characteristics of acoustic fields are shown after the flow fields are discussed based on the
results of PIV and schlieren visualization.
The effect of the disturbance on the aeroacoustic fields of a supersonic jet was discussed
only in the case of Re = 1.0× 105 and 1.0× 106 because the nozzle of which the exit diameter is
7.07 mm cannot equip tabs for generating the disturbance. Especially, the disturbance effect on
the low Reynolds number jet (Re = 1.0 × 105) is focused because the disturbance is considered
to promote the earlier transition of the shear layer. The results of the disturbed jet are compared
with that of non-disturbed jet and the high-Reynolds number jet.
3.5.1 Effect of Reynolds number
Temporal Averaged Velocity Fields
Figure 3.10 shows the distribution of the temporal averaged velocity calculated by the single-
pixel ensemble correlation method. The radial velocity profile of the upper half of the jet
is also shown in Fig 3.11. Note that the temporal averaged velocity distribution has a high
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spatial resolution because it was calculated by the single-pixel ensemble correlation methods
as described in Section 2.4.1. The temporal averaged velocity distribution in Fig 3.10 clearly
shows the development of the supersonic jet flow. The weak shock-cell structures were observed
in the potential core of the jet regardless of Reynolds numbers. Figure 3.12 shows the axial
distribution of the velocity at the centerline of the jet. This figure clearly shows the velocity
fluctuation due to the shock-cell structures and its amplitude is slightly high in the case of the
Re = 1.0 × 105 jet. A supersonic jet of Reynolds number over 7.0 × 105 has almost the same
velocity distributions. Note that the velocity fluctuation is smoothed because the tracer particle
cannot follow the velocity changes perfectly. The reason why the shock-cell structure appears
even in the ideally expanded condition seems to be due to the change in the actual nozzle diameter
because the boundary layer inside a nozzle makes the diameter of the nozzle exit smaller as
described in Section 2.5.1.
The radial velocity profile in Fig 3.11 indicates that the single-pixel ensemble correlation
method gives us a sufficiently high spatial resolution to resolve the thin shear layer near the
nozzle exit. The Reynolds number effect on the radial velocity profile appears in the shear layer
near the nozzle exit (x/D = 1,2) while the velocity profiles are almost the same as those at the
downstream side (x/D = 12,15). Therefore, the shear layer development seems to be affected
by the Reynolds number effect. Therefore, the shear layer thickness was calculated and the shear
layer development were investigated in detail.
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Figure 3.10: Distribution of the temporal averaged velocity calculated by the













Figure 3.11: Radial velocity profile calculated by the single-pixel ensemble
correlation method.
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Figure 3.12: Streamwise distribution of the axial velocity at the jet centerline.
Figure 3.13 shows the shear layer thickness δ and the jet half-width r0.5. The shear layer
thickness is calculated using the definition proposed by Troutt and McLaughlin (1982) as
shown in Eqs. 2.4 and 2.5. The shear layer thickness was calculated by the curve fitting to the
measured velocity profile. Figure 3.13 also shows the shear layer thickness and the jet half-width
reported by Troutt and McLaughlin (1982). The shear layer thickness and the jet half-width of
Re = 7.0 × 105 and 1.0 × 106 jets agree well with those of the previous report. The shear-layer-
growth-rate does not change at 0 ≤ x/D ≤ 11 in the case of Reynolds number over 7.0 × 105.
In other words, the shear layer of the high-Reynolds-number jet grows linearly. Classically, the
Reynolds number effect on the turbulent features does not appear when the Reynolds number is
sufficiently large (Re ≥ 4.0 × 105). Therefore, the present results of the high-Reynolds-number
jets (Re = 7.0 × 105 and 1.0 × 106) indicate that the shear layer is fully turbulent at the nozzle
exit and the boundary layer inside a nozzle has already been turbulent.
On the other hand, the different trend of the shear layer was observed in the case of the
low-Reynolds-number jet (Re = 1.0 × 105). The shear-layer-growth rate drastically changes
from the lower value to the higher value at x/D ≈ 1.8. This change in the growth rate seems
to be due to the laminar-to-turbulent transition of the shear layer because the similar drastic
changes in the growth rate were computationally observed by Nonomura and Fujii (2013). The
shear layer before x/D ≈ 1.8 may be laminar flow because of its low Reynolds number in this
case. Therefore, a supersonic jet of a Reynolds number around 105 seems to be a transitional jet
flow and the observed properties agree well with the report of Troutt and McLaughlin (1982).
However, the shear layer thickness and the jet half-width do not quantitatively agree well with the
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experimental data of the previous report in the case of low-Reynolds-number jet. A transitional
jet is sensitive to the initial condition of the shear layer such as the Reynolds number, the velocity
profile, and the disturbance inside the boundary layer. Therefore, the possible reason for this







0 2 4 6 8 10 12 14
Troutt and McLaughlin (1982), M=2.0, Re=5.2×106
Troutt and McLaughlin (1982), M=2.1, Re=7×104
Present study, M=2.0, Re=1.0×106
Present study, M=2.0, Re=1.0×105
Present study, M=2.0, Re=7.0×105
Figure 3.13: The Reynolds number effect on the shear layer thickness and jet
half-width.
Turbulent Statistics of the Velocity Fields
The shear layer thickness calculated from the temporal averaged velocity fields indicates that
the laminar-to-turbulent transition occurs in the case of the low-Reynolds-number jet (Re =
1.0 × 105). Thus, the turbulent statistics measured by PIV is also investigated and the evidence
of the transition is presented. Fig. 3.14 and 3.16 show the standard deviation of the streamwise
velocity and the Reynolds stress calculated by the conventional spatial correlation method,
respectively. The spatial resolution of the conventional spatial correlation method was one
eighth of that of the single-pixel ensemble correlation method. The areas colored gray are
the regions where its spatial resolution is not sufficiently high to resolve the local shear layer
thickness. In the present study, we suppose that the velocity calculation may have an error in the
region where the shear layer thickness δ is less than four times of the minimum spatial resolution
of the conventional spatial correlation method. The 4 times of the minimum spatial resolution
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was approximately 4 mm and the streamwise position where the shear layer thickness is larger
than 4 mm is around x/D ≈ 4. Therefore, the velocity fields of x/D ≤ 4 calculated by the
conventional spatial correlation method are not shown in these figures.
The standard deviation and the Reynolds stress basically distribute in the shear layer region
regardless of the Reynolds number. Its intensity increases as the jet flow develop towards the
downstream side. The amplitudes of the standard deviation and the Reynolds stress of the
low-Reynolds-number jet (Re = 1.0 × 105) are larger than those of the high-Reynolds-number
jet (Re ≥ 7.0×105). A shock-cell pattern was observed in the case of the low-Reynolds-number
jet. This seems to relates that the amplitude of the velocity fluctuation at the jet centerline is
larger than that in the high-Reynolds-number jet as shown in Fig 3.12.
Figure 3.15 shows the radial profile of the standard deviation. The distribution of the standard
deviation is almost the same at the downstream side of x/D = 15 in all cases. On the other
hand, the Reynolds number effect on the standard deviation appears in the peak shape. The
peak of the high-Reynolds-number jets (Re ≥ 7.0 × 105) is biased towards the potential core
side near the nozzle exit. Its amplitude is small near the nozzle exit compared with that of the
low-Reynolds-number jet and develops gradually towards the downstream side. In addition, the
reason why the standard deviation of Re = 7.0 × 105 is higher than that of Re = 1.0 × 106
near the nozzle exit seems to be due to the difference of shear-layer-growth-rate as shown in
Fig 3.13. The high shear-layer-growth-rate of Re = 7.0 × 105 generates turbulence earlier and
causes an increase in the standard deviation. On the other hand, the low-Reynolds-number jet
has a further large-amplitude near the nozzle exit and its amplitude asymptotic to that of the
high-Reynolds-number jet as the flow develops. This indicates that the amplitude of the standard
deviation rapidly increases near the nozzle exit because of the laminar-to-turbulent transition.
Figure 3.17 shows the radial profile of the Reynolds stress. The Reynolds number effect on
the Reynolds stress also appears in the peak shape. The peak amplitude of the high-Reynolds-
number jets (Re ≥ 7.0×105) is smaller than that of the low-Reynolds-number jet at 4 ≤ x/D ≤ 12
and exceeds that of the low-Reynolds-number jet at x/D = 15. While the transition of the shear
layer causes a significant increase in the Reynolds stress near the nozzle exit in the case of the
low-Reynolds-number jet, the Reynolds stress of the Re = 1.0 × 106 jet reaches the largest peak
value at the downstream side. This seems to be due to the natural growth of the turbulent shear
layer. Therefore, the velocity fields of the transitional supersonic jet indicate that the laminar-
to-turbulent transition occurs in the case of the low-Reynolds-number jet (Re = 1.0 × 105).
The transition does not occur in the high-Reynolds-number jet (Re ≥ 7.0 × 105) because the
boundary layer inside the nozzle have already been turbulent.
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The quantitative PIV measurement of a supersonic jet with Reynolds number range of
1.0 × 105 ∼ 1.0 × 106 showed that the lowest-Reynolds-number jet has the laminar-to-turbulent
transition of the shear layer near the nozzle exit. On the other hand, the transition does not occur
in the high-Reynolds-number jets (Re = 7.0 × 105 and 1.0 × 106) because the boundary layer
inside the nozzle has been already turbulent due to its high Reynolds number. Therefore, further
discussions of the Reynolds number effect focus on the comparison of the low-Reynolds-number
jet and high-Reynolds-number jet because the presence of the laminar-to-turbulent transition is
an important phenomenon to characterize the aeroacoustic fields of them.
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Figure 3.14: Distribution of the standard deviation of the streamwise velocity













Figure 3.15: Radial profile of the standard deviation of the streamwise velocity.
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Figure 3.17: Radial profile of the Reynolds stress.
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Density Gradient Fields
The instantaneous schlieren images of a supersonic jet are shown in Fig 3.18. The schlieren
images clearly visualize the density gradient of the jet flow and the Mach wave emission. The
visualizedMachwave seems to be generated alongwith the turbulent shear layer and it propagates
to the downstream side. The shear layer of the low-Reynolds-number jet (Re = 1.0×105) seems
to have weaker fluctuations near the nozzle exit comparedwith that of the high-Reynolds-number
jet. However, the S/N ratio of the schlieren image is significantly low in the case of the low-
Reynolds-number jet because the amplitude of the density changes in a low-pressure condition
is low. Therefore, the POD analysis was applied to the original schlieren images. Ozawa et al.
(2018) extracted the propagation pattern of the dominant acoustic waves using the frequency-
domain POD analysis (Section 2.4.3) of the time-resolved schlieren images as a "mode" which
represents a spatial distribution of the fluctuation dominates the original image set. Only the
standard time-domain POD analysis is available in this chapter because the schlieren images of
this chapter are not time-resolved images. However, the standard time-domain POD analysis is
still powerful to extract the dominant fluctuation pattern from the original image set and it can
eliminate the noise mode which has large energy. Each mode is arranged in descending order
of its energy that dominates the fluctuation of the original schlieren image set. The mode which
has large energy is called low order mode in the present study.

















(a) Re=1.0×105 (b) Re=1.0×106
Figure 3.18: Instantaneous schlieren image of the supersonic jet flow.
Figure 3.19 shows the energy ratio of each POD modes. Note that the noise modes which
represents the vibration of the camera or the instability of the optical system are not shown
in the present study. The energy ratio of time-domain POD is significantly lower than that of
frequency-domain POD because the original schlieren images include a lot of fluctuations with
various frequencies and spatial distributions. The energy ratio of the low-Reynolds-number jet
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(Re = 1.0×105) is relatively high in low order modes. This seems to correspond to the laminar-
to-turbulent transition because the results of PIV show the large amplitude of the turbulent
fluctuation in this case. Figure 3.20 shows the spatial modes of the low order modes of each
jet. The region where the mode has a large amplitude is located in the potential core of the
jet and it is distributed the ambient flow region with keeping the pattern of the Mach wave
propagation. Therefore, the spatial modes indicate the aeroacoustic fields which relate with
the Mach wave generation in all the cases. The region where the mode has a large amplitude
is distributed at various streamwise positions in the case of high-Reynolds number jet. On
the other hand, The spatial modes of the transitional jet shows that the large amplitude region
concentrates on the region near the laminar-to-turbulent transition. The position where the
laminar-to-turbulent transition occurs was estimated at x/D ≈ 1.8 from the results of PIV.
Therefore, the spatial modes indicate that the laminar-to-turbulent transition can be a strong
noise source for generating the Mach wave. Bogey and Bailly (2010) and Bogey, Marsden, and
Bailly (2011) reported that a transitional subsonic jet has a vortex pairing and generates a strong
acoustic wave. Nonomura and Fujii (2013) suggested that the noise generation relates to the
oblique mode which is dominant for the supersonic jet rather than the axisymmetric mode which
excites the vortex pairing of the subsonic jet. Therefore, the POD results of the low-Reynolds-
number jet indicate that the turbulent fluctuation due to the transition generates the strong Mach
wave. On the other hand, the high-Reynolds-number jet which has fully turbulent shear layer
at the nozzle exit does not have the transition and its turbulent fluctuation develops gradually
towards the downstream side. Thus, the Mach wave generation distributes the relatively wide
region of the turbulent shear layer.
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Figure 3.19: Energy ratio of each modes calculated by POD.
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Figure 3.20: Spatial modes of the low order modes.
Near-field Acoustic Fields
The visualization of the flow fields such as the velocity and density gradient fields implies that
the laminar-to-turbulent transition can be a strong noise source for generating the Mach wave.
Therefore, the results of near-field acoustic measurements were discussed and the Mach wave
emission of each Reynolds number jet were discussed. Figure 3.21 shows near-field OASPL
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measured using a microphone and the distribution of the OBSPL with the Strouhal number
range of 0.03125 ≤ St ≤ 0.25. The OASPL is calculated in the Strouhal number range of
0.02 ∼ 0.40 where the acoustic spectrum of a microphone agrees well with that of the Kulite
pressure transducer in the verification test. The distribution of the OASPL clearly shows the
Mach wave radiation which propagates to the downstream side in all the cases. The strong noise
source seems to be located near the end of the potential core (x/D = 10) in all the cases. The
position of this noise source moves to the upstream side as the Reynolds number decreases. The
OASPL of the low-Reynolds-number jet (Re = 1.0 × 105) is entirely higher than that of the
high-Reynolds-number jet (Re = 1.0 × 106). Therefore, the Mach wave emission is strong due
to the laminar-to-turbulent transition of the low-Reynolds-number jet. In addition, the OASPL
at the upstream side which is outside of the Mach wave directivity is larger in the case of the low-
Reynolds-number jet. This seems to be due to the shock associated noise because the slightly
strong shock-cell structure is observed in the velocity fields of the low-Reynolds-number jet.
The OBSPL was calculated and the difference of the OASPL distribution were investigated
in detail. The directivity of the Mach wave was clearly observed for all Strouhal numbers. The
noise source position moves the upstream side as the Strouhal number increases and the Mach
wave emission angle also increases with increasing the Strouhal number. These characteristics
of the Mach wave emission agree well with those of the previous report (Nonomura and Fujii,
2011). The Reynolds number effect on the OBSPL distribution appears in the Strouhal number
of 0.25 corresponds to the peak frequency of the Mach wave. The OBSPL at St = 0.25 of the
low-Reynolds-number jet is larger than that of the high-Reynolds-number jet. In addition, the
position of the noise source is located upstream side compared with that of the high-Reynolds-
number jet which does not have the transition of the shear layer. Therefore, these acoustic
characteristics of the low-Reynolds-number jet indicate that the laminar-to-turbulent transition
has responsibility for generating the Mach wave and its amplitude can be large due to the
significant increase in the turbulent fluctuation.
These experimental results indicate that the smaller nozzle for twin jet flow realizes the fully
turbulent supersonic jet and the aeroacoustic fields of the twin jet and an equivalent single jet
are not affected by the difference of Reynolds number. Therefore, the twin jet nozzle can be
employed for the investigation of aeroacoustic fields of multiple supersonic jet.
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SPL [dB] 145120

















































































(a) Re=1.0×105 (b) Re=1.0×106
Figure 3.21: Near-field distribution of the octave-band sound pressure level.
3.5.2 Effect of Disturbance
The disturbance effects on the aeroacoustic fields of a supersonic jet have been investigated
and the results are discussed for Reynolds number of 105 and 106. The velocity fields of a
supersonic jet with the disturbance are quantitatively compared with that without disturbance
and the disturbance effects on the acoustic fields are revealed.
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Temporal Averaged Velocity Fields
Figure 3.22 shows the distribution of the temporal averaged velocity of a supersonic jet of
which boundary layer inside the nozzle is disturbed by the tabs added in the inlet. The radial
velocity profile of the upper half of the jet is also shown in Fig 3.23 for each Reynolds number.
Figure 3.24 shows the axial distribution of the velocity at the centerline of the jet. Note that
the spatial resolution of these velocity fields is high thanks to the single-pixel correlation.
Figure 3.24 clearly shows the velocity fluctuation due to the shock-cell structures in all the cases
and the disturbance added in the inlet makes the amplitude of the velocity fluctuation small in
the case of the low-Reynolds-number jet (Re = 1.0 × 105). On the other hand, the effect of
disturbance on the velocity distribution at the center line does not seem to appear in the case of
the high-Reynolds-number jet (Re = 1.0 × 106).
The radial velocity profile in Fig 3.23 also indicates that the disturbance effect appears only
in the case of the low-Reynolds-number jet. The difference due to the disturbance appears in
the shear layer profile near the nozzle exit (x/D = 1,2) while the velocity profiles are almost the
same as those at the downstream side (x/D = 12,15). This implies that the disturbance added in
the inlet affects the turbulent features of the shear layer. The reason why the disturbance effect
does not appear in the high-Reynolds-number jet seems that the boundary layer inside the nozzle
have already been turbulent.
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Figure 3.22: Distribution of the temporal averaged velocity calculated by the
single-pixel ensemble correlation method.
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(a) Effect of the disturbance for Re=1.0×105 jet
(b) Effect of the disturbance for Re=1.0×106 jet
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Figure 3.24: Streamwise distribution of the axial velocity at the jet centerline.
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The shear layer thickness δ and the jet half-width r0.5 which relates to the turbulent features
of the shear layer are calculated as shown in Fig. 3.25. The shear layer thickness is calculated
using the definition proposed by Troutt and McLaughlin (1982) as shown in Eqs. 2.4 and 2.5.
Figure 3.25 also shows the shear layer thickness and the jet half-width reported by Troutt and
McLaughlin (1982) and those of the present study which is observed without the disturbance
(Fig. 3.13). The shear-layer-growth-rates of the high-Reynolds-number jet (Re = 1.0 × 106)
are almost the same regardless of the presence of the disturbance and they agree well with that
of previous report. Therefore, the disturbance effect is not significant in the high-Reynolds-
number-jet because the boundary layer inside the nozzle have already been turbulent regardless
of the presence of tabs for generating the disturbance.
On the other hand, the low-Reynolds-number-jet which naturally has the laminar-to-turbulent
transition shows the different trend of the shear-layer-growth-rate. The low-Reynolds-number
jet with the disturbance shows similar trends of the shear layer development to that of the high-
Reynolds-number jet whereas the shear-layer-growth-rate of low-Reynolds-number jet without
the disturbance drastically changes at x/D ≈ 1.8. Moreover, the growth rate agrees well with
that of Re = 5.6 × 106 reported by Troutt and McLaughlin (1982). With regard to the shear
layer thickness near the nozzle exit (x/D ≤ 1), the shear-layer-growth rate seems to change at
x/D ≈ 0.5. This implies that the disturbance added in the inlet promote the earlier transition
and the characteristic of the velocity fields resembles that of the high-Reynolds-number jet.
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Troutt and McLaughlin (1982), M=2.1, Re=7.0×104
Present study, M=2.0, Re=105 W/O Disturbance
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Present study, M=2.0, Re=106 W/ Disturbance
Figure 3.25: Disturbance effect on the shear layer thickness and jet half-width.
Turbulent Statistics of the Velocity Fields
The disturbance effect on the turbulent statistics is also investigated. Figures 3.26 and 3.27
show the standard deviation of the streamwise velocity and the Reynolds stress calculated by the
conventional spatial correlation method, respectively. As described before, the spatial resolution
of the conventional spatial correlationmethodwas one eighth of that of the single-pixel ensemble
correlation method. The areas colored gray are the regions where its spatial resolution is not
sufficiently high to resolve the local shear layer thickness (δ ≤ 4 mm). Figures 3.26, and 3.27
show that the standard deviation and the Reynolds stress basically distribute in the shear layer
region regardless of the Reynolds number. A shock-cell pattern was observed in the case of the
low-Reynolds-number jet and its pattern appears more clearly in the case without the disturbance
as shown in Fig 3.14.
Figure 3.28 shows the radial profile of the standard deviation and the Reynolds stress. With
regard to the standard deviation, the distribution is almost the same at the downstream side of
x/D = 15 in all cases. The disturbance effect only appears in the case of the low-Reynolds-
number jet at x/D = 4. The disturbance makes the peak amplitude smaller at x/D = 4 and
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its amplitude is comparable with that of the high-Reynolds-number jet. Therefore, the earlier
transition due to the disturbance added in the inlet is considered to suppress the significant
increase in the fluctuation of the velocity fields. The effect of the disturbance on the Reynolds
stress appears in the case of the low-Reynolds number jet as similar to the trends of the standard
deviation. The Reynolds stress of the low-Reynolds-number jet with disturbance is lower than
that with the disturbance and its peak amplitude is the same level as that of the high-Reynolds
number jet. Therefore, the disturbance can promote the earlier transition and suppress the
significant increase in the turbulent fluctuation.























Figure 3.26: Distribution of the standard deviation of the streamwise velocity
calculated by the conventional spatial correlation method.
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Figure 3.27: Distribution of the Reynolds stress calculated by the conventional
spatial correlation method.
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Figure 3.28: Radial profile of the standard deviation of the streamwise velocity.
Density Gradient Fields
The instantaneous schlieren images of a supersonic jet with the disturbance are shown in Fig 3.29.
The schlieren images visualize the density gradient of the jet flow and the Mach wave emission.
The shear layer of the low-Reynolds-number jet with the disturbance seems to have slightly
strong fluctuations near the nozzle exit compared with that without the disturbance as shown in
Fig 3.18. The disturbance effect does not seem to appear in the high-Reynolds-number jet.
Figure 3.30 shows the energy ratio of each POD modes. Note that the noise modes which
represents the vibration of the camera angle or the instability of the optical system are not
shown in the present study. The disturbance makes the energy ratio of low-order modes low
for each Reynolds number jet. The disturbance effect of the low-Reynolds-number jet is much
larger than that of the high-Reynolds number jet. This trend agrees well with that of the
velocity fields. Figure 3.31 shows the spatial modes of the low order modes of each jet with
the disturbance. The spatial modes visualize the strong connection between the jet plume and
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(a) Re=1.0×105 W/ Disturbance (b) Re=1.0×106 W/ Disturbance



















Figure 3.30: Energy ratio of each modes calculated by POD.
the Mach wave propagation. The region where the mode has a large amplitude is distributed at
various streamwise positions in both cases. This trend of the low-Reynolds number jet with the
disturbance is different from that with the disturbance as shown in Fig 3.20. Therefore, the POD
results of the low-Reynolds-number jet indicate that the disturbance can suppress the turbulent
fluctuation due to the transition which generates the strong Mach wave.
Near-field Acoustic Fields
The visualization of the flow fields implies that the laminar-to-turbulent transition can be sup-
pressed by the disturbance in the case of the low-Reynolds number jet. The results of near-field
acoustic measurements were discussed and the effect of the disturbance on the acoustic fields is
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Figure 3.31: Spatial modes of the low order modes.
discussed. Figure 3.32 shows near-field overall sound pressure level (OASPL) measured using
a microphone. The OASPL is calculated in the Strouhal number range of 0.02 ∼ 0.40 where
the acoustic spectrum of a microphone agrees well with that of the Kulite pressure transducer
in the verification test. The distribution of the OASPL clearly shows the Mach wave radiation
which propagates to the downstream side in both cases and the results basically agree well with
those of each jet without the disturbance as shown in Fig 3.21. On the other hand, in the case
of the low-Reynolds-number jet, the disturbance makes the Mach wave emission weaker and
the distribution of the OASPL shows a similar trend to that of the high-Reynolds-number jet.
Therefore, the significant increase in the turbulent fluctuation which can be a strong noise source
is considered to be suppressed by the disturbance added in the inlet.
Figure 3.32 shows the distribution of the OBSPL with the Strouhal number range of
0.03125 ≤ St ≤ 0.25. The OBSPL distribution of both cases has the similar trend of the high-
Reynolds number jet without the disturbance as shown in Fig 3.21. Therefore, the disturbance
added in the inlet can promote the earlier transition in the case of the low-Reynolds-number jet
and make the aeroacoustic fields of a transitional jet similar to those of a high-Reynolds-number
jet of which the shear layer is fully turbulent at the nozzle exit.
98
3.6. Conclusions


















































































(a) Re=1.0×105 (b) Re=1.0×106
Figure 3.32: Near-field distribution of the overall sound pressure level.
3.6 Conclusions
The Reynolds number effect of a transitional supersonic jet on the aeroacoustic fields was
experimentally investigated under the ideally expanded condition of the Mach number of 2.0.
The Reynolds number based on the diameter of the nozzle exit ranged from 105 to 106 including
a transitional condition. The present study focused on the laminar-to-turbulent transition which
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is one of the important phenomena characterizing the aeroacoustic fields so that the experimental
results of a transitional jet should be interpreted carefully. The effect of the disturbance added in
the inlet was also investigated because the disturbance can changes the turbulent features of the
shear layer such as the transition of the shear layer. The aeroacoustic fields of a supersonic jet
were observed by means of PIV, schlieren visualization, and near-fields acoustic measurement.
The results of PIV indicate that the laminar-to-turbulent transition occurs in the case of low-
Reynolds-number jet (Re = 105). The transition causes the change of the shear-layer-growth
rate at x/D ≈ 1.8 and a significant increase in turbulent fluctuations near the transition point.
The POD analysis of the schlieren images implies that this increase in turbulent fluctuations
can be a strong noise source for generating the Mach wave. The increase in OASPL due to the
Mach wave emission was also observed in near-field acoustic measurements. Thus, these results
indicate that the transition is strong noise source for generating the Mach wave.
On the other hand, the transition was not observed in the case of the high-Reynolds-number
jet because the shear layer is fully turbulent at the nozzle exit. The OASPL of the high-Reynolds-
number jet was relatively smaller than that of the low-Reynolds-number jet because the transition
does not occur. In addition. the disturbance added in the inlet can promote the earlier transition
and suppress a significant increase in turbulent fluctuations in the case of low-Reynolds-number
jet. Therefore, the disturbance seems to make the aeroacoustic fields of a transitional jet similar
to those of a high-Reynolds number jet.
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4.1 Introduction
A supersonic jet emitted from a rocket engine produces strong acoustic waves and it causes
the malfunction of an artificial satellite due to strong vibrations. Therefore, the reduction and
the prediction of supersonic jet noise are significantly important for aerospace engineering and
a supersonic jet noise of a single jet has been investigated by various works (Seiner, 1984;
Tam, 1995; Raman, 1999b; Morris, 2007; Bailly and Fujii, 2016). Recent rockets often have
a propulsion system that consists of small multiple rocket engines in contrast to a conventional
rocket with a single powerful engine. This design change in a propulsion system leads to the
mass production of a rocket engine and reduces the manufacturing cost. Moreover, the multiple
rocket engine system improves the reliability of a space mission because a rocket can continue
a mission using other normal engines if one engine stops. For instance, the Falcon 9 rocket
developed by SpaceX in the United States has 9 engines for a propulsion system as shown in
Fig. 1.2 and Falcon 9 can successfully complete the mission even if two rocket engines shut
down. A next-generation rocket in Japan which is called H3 rocket is also planned to equip
two or three multiple engines. Therefore, the rocket design using multiple engines can be a
mainstream of a future propulsion system of a rocket. Although the recent rocket often equips
such multiple rocket engines, the aeroacoustic fields of multiple supersonic jets have rarely been
investigated.
Several previous works investigated the aeroacoustic fields of the multiple supersonic under
conditionswhere screech tone occurs. The acoustic field of the linear-arrayedmultiple supersonic
jets had been investigated byRaman andTaghavi (1996) andMiles (1999) for the objectives of the
mixing enhancement and the noise reduction in supersonic mixer-ejector nozzles. They showed
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that the noise reduction due to the rapid mixing of the jets occurs when the screech instability
of each jet is synchronized. Umeda and Ishii (1997) and Umeda and Ishii (2001) investigated
the oscillation modes of screeching multiple jets and identified the different oscillation modes
that develop with increasing NPR. Recently, Coltrin et al. (2013) and Coltrin et al. (2014)
experimentally investigated the aeroacoustic fields of 8 × 8 arrays of axisymmetric supersonic
jets for the objectives of the acoustic load reduction of piping systems. Their results show that
the interaction of shock waves generated from each jet strongly correlates the sound pressure
level. However, these studies only focus on the imperfectly expanded jet which is strongly
affected by the presence of the shock waves. However, the fundamental phenomena of the jet
interaction should be investigated for constructing the prediction model of multiple supersonic
jets.
The jet interaction can be simplified as the twin jets configuration. In addition, the ideally
expanded jets without shock waves should be employed for understanding the fundamental
interaction phenomena. Therefore, this section of the present study focuses on the interaction of
each jet in the twin jets configuration because multiple supersonic jets noise is supposed to be
represented by superimposing of the fundamental characteristics of the jet-by-jet interactions.
The aeroacoustic fields of twin jets have been investigated by many researchers in both subsonic
and supersonic conditions (Raman, Panickar, and Chelliah, 2012) and there are two distinct
phenomena of the twin jets interaction: a strong coupling mode of screech instability and jet
shielding effect.
The strong coupling mode of twin jets firstly identified by Seiner, Manning, and Ponton
(1988). Tam and Seiner (1987) explained the mechanism of synchronized resonant oscillations
using the vortex sheet model but unable to estimate the peak frequency quantitatively. Thus, so
many efforts are being dedicated to this field to understand the mechanism of the resonance and
to suppress the screech intensity (Norum and Shearin, 1986; Seiner, Manning, and Ponton, 1987;
Shaw, 1990; Walker, 1990). Their results indicated that the closely spaced twin jets can couple
regardless of screech radiation while the particular coupling mode dominates the aeroacoustic
fields of twin jets when screech appears. This particular coupling mode strongly depends on
the operating condition, the nozzle spacing, and the nozzle geometry (Wlezien, 1989; Zilz and
Wlezien, 1990). These works indicated that the presence of the shock waves inside a potential
core of the jet is important to couple the twin jets strongly. Recently, Sabareesh, Srinivasan, and
Sundararajan (2015) provided the spatial distributions of far-field overall sound pressure level
and the schlieren visualization. They investigated the effect of various parameters of nozzle
configurations on the aeroacoustic fields. Gao, Xu, and Li (2017) computed the twin jets and
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dynamicmode decompositionwas applied to the pressure fields and observed the flappingmodes
of twin jets in the first and the second modes. Bell et al. (2017) and Bell et al. (2018) performed
the qualitative high-resolution PIV measurement of highly underexpanded twin jets and the
velocity field dynamics of twin jets coupling was investigated. They observed the standing wave
which is the driver of the turbulence coherence modulation other than the shock-cell structure.
The second phenomenon of the twin jets interaction is the jet shielding effect in which the
noise generated by one jet is blocked by the other jet resulting in the reduction of the sound
pressure level. The noise reduction using twin jets was firstly observed in the plane through the
two nozzles by Greatrex and Brown (1958) and its phenomenon has been investigated aiming at
the noise reduction of airplane engines. Bhat (1978) and Kantola (1981) showed that the sound
pressure level of twin jets in a plane through the jet center axis is lower than that of a single
jet. Consequently, the shielding effect of twin jets consists of several phenomena: reflection,
refraction, diffraction, and scattering (Gerhold, 1983; Yu and Fratello, 1985; Simonich, Amiet,
and Schlinker, 1986). Bozak and Henderson (2011) revisited the shielding effect and showed the
noise reduction of 3 dB at the maximum. Bozak (2014) also developed the empirical model of
twin jet based on the far-field acoustic data from round and rectangular twin jets. This empirical
model considers the frequency, observer angles, jet spacing, jet static temperature ratio, and
flight Mach number dependencies on the sound pressure. Although the mechanism of the noise
reduction was not taken account for, the model can predict the sound pressure within the error
of approximately 0.5 dB.
The discussions of previous studies indicate that the aeroacoustic fields of twin supersonic jets
have been investigated in the limited conditions for the objectives of understanding the coupling
modes or the shielding effect. A lot of works had been done in the 1980s and the explanations
of physical mechanisms for them were suggested based on the theoretical analysis and limited
experimental data such as the hot wires, microphones, and pilot tubes. Since the interaction
between flow and acoustic fields was rarely discussed due to the spatially discrete measurement
and low performances of experimental equipment, there is still little experimental evidence to
support their explanation. In addition, the recent studies for twin jets provide the qualitative
data for explaining the physics thanks to the development of the experimental equipment and
the computational performances (Sabareesh, Srinivasan, and Sundararajan, 2015; Bozak and
Wernet, 2014; Gao, Xu, and Li, 2017). However, the twin jets contain the shock waves which
lead to the strong coupling of each jet. Therefore, the present study focuses on the fundamental
interaction of each jet in the twin jets configuration at the ideally expanded conditions. The
five types of twin jets with the different nozzle spacing were employed for the experiment.
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The aeroacoustic fields of twin jets were investigated by means of PIV measurement, schlieren
visualization, and far-field acoustic measurements.
4.2 Configuration of the twin Supersonic Jets
A supersonic jet flow is reproduced by the convergent-divergent (CD) nozzle as shown in Fig. 4.1.
The mass flow rate of a single jet and twin jets is supposed to be constant in the present study
because the thrust power of a rocket keeps constant. Therefore, the cross-sectional area of each
nozzle for the twin jets is half size of that of the equivalent single jet. The cross-sectional area,
the diameter at the nozzle exit, and the Reynolds number based on the diameter at the nozzle
exit are summarized in Table 4.1. Here, the equivalent diameter at the nozzle exit is defined as
De = 10 mm in the present study. Note that the design Mach number Md of all nozzles are 2.0.
Figure 4.1 shows the cross-sectional geometries of the CD nozzle of which downstream
part from the throat was designed by the method of characteristics of compressible flow. The
geometry of the upstream side from the throat was determined by cosine function. Thus, the
CD nozzle can reproduce the ideally expended supersonic jet when the operating condition of
the nozzle pressure ratio (NPR) is 7.8 corresponding to the design Mach number Md = 2.0.
The equivalent single nozzles of which the nozzle exit diameter is 10 mm were made of
resin manufactured by the stereolithography. On the other hand, the twin jets nozzle of which
the nozzle exit diameter is 7.07 mm was made of steel use stainless (SUS) manufactured by
the Electrical Discharge Machining (EDM) and the reusable nozzles were manufactured when
reproducing the twin jets with the different nozzle spacing. Figure 4.2 shows the design of
the twin jets nozzle and the schematic image of the twin jets nozzles fixed on the flange. The
outer diameter of the twin jets nozzle was set to be 9 mm, which is the possible minimum value
for sustaining the strength of the nozzle. The different nozzle spacing of the twin jets can be
reproduced by using the flanges which has two screw holes with keeping the different distance
of the nozzle spacing.
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(b) Flange with the twin nozzles fixed(a) CD nozzle for twin jets
Figure 4.2: Cross-sectional geometry of the axisymmetric nozzle.
Table 4.1: Properties of the equivalent single jet nozzle and twin jets nozzle.
Equivalent single nozzle Twin jets nozzle
Exit area A 78.5 mm2 39.3 mm2
Exit diameter D 10.0 mm 7.07 mm
Throat diameter D∗ 7.69 mm 5.45 mm
Reynolds number Re 7.0 × 105 1.0 × 106
Material Resin SUS
Machining Method Stereolithography EDM
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Figure 4.3: Definition of the coordinate for the twin-jet.
Figure 4.3 shows the definition of the coordinate for the twin jets. The nozzle spacing of
twin jets configuration is represented by s, and the present study investigates the aeroacoustic
fields of twin jets with a wide-range of s/D = 1.55, 2, 3, 4, 5. The origin of the coordinate was
the center point of the two nozzles in the present study. The x axis was set to be the streamwise
direction and the y axis was set to be normal to the x axis and corresponds to the plane through
the two nozzles. The z axis was normal to the y and z axis. The streamwise angle θ was defined
as the angle between the x axis and the y axis and the downstream side was set to be zero
degrees. The azimuthal angle φ was defined as the angle between the y axis and the z axis and
the zero degrees was set to be the plane through the two nozzles.
4.3 Experimental Setup
4.3.1 Jet Generating System
The equivalent single jet and the twin jets were realized by means of the jet generating system
using high-pressure air installed in the anechoic roomat TohokuUniversity. The schematic image
of the jet generating system and the anechoic room are shown in Fig. 4.4. The jet generating
system consists of a pump, a high-pressure air tank, a plenum chamber and the nozzle for a
supersonic jet. This jet generating system also has a seeding device for PIV measurement and its
supply of the high-pressure air is the same high-pressure air tank as the that of the mainstream.
The plenum chamber is installed in the center of the anechoic room and the nozzle is fixed
on the plenum chamber. The size of the anechoic room is approximately (3 × 3 × 2m) and it
is sufficiently large compared with that of the nozzle. The NPR is calculated as the ratio of
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the atmospheric pressure inside the anechoic room and the static pressure inside the plenum
chamber. The NPR was set to be 7.8 which is corresponding to the flow of Mj = 2.0, and the
ideally expanded supersonic jet was reproduced. The Reynolds number based on the nozzle exit
diameter of the equivalent single jet and the twin jets are 1.0 × 106 and 7.0 × 105, respectively.
4.3.2 PIV Measurement
Figure 4.5(a) shows the schematic image of PIV system at the jet generating system of Tohoku
University. The two seeding devices were employed for filling both of the supersonic jet and the
ambient air with the seeding particles. Glycerin 50% aqueous solution was used for the tracer
particles. A particle size was approximately several micrometers. The seeding device for the
jet flow was connected to the high-pressure air tank which is shared with the mainstream pipe
as the supply of the high-pressure air. The generated seeding was merged at the intersection of
the pipes and it was mixed well while they are convected to the plenum chamber. The other
seeding device was connected to another pump and it was installed into the anechoic room to
fill the anechoic room with the seeding particles. Therefore, the measured particle image has a
sufficiently high density of the seeding particles both inside and outside of the jet flow.
A double-pulsed laser system (LDY-300PIV, Litron Lasers) and a high-speed camera (Phan-
tomV611, Vision Research) were employed for the PIV system. The frame-straddling technique
was applied to the PIV system because the local velocity at the potential core of the jet is ap-
proximately 510 m/s. The temporal interval of the double-pulsed laser was set to be 1.2 us in
the present study. A Nikon Lens (Nikkor 80-200mm f/2.8) was used for the optical system and
the image frame of 150 × 70 mm were visualized. The schematic image of the field of view
(FOV) is shown in Fig. 4.5(b,c). The present study visualizes the twin jets using two types of
FOV and investigate the shear layer development of 3-dimensional space. The image resolution
was 1280 × 600 pixels and the sampling rate of each image pair was 1,000 Hz. The 20,000
image pairs were acquired for each case. The acquired particle images were analyzed by the
two algorithms. One is the conventional spatial correlation method which can estimate the
instantaneous velocity fields. The other is the single-pixel ensemble correlation method which
can calculate the temporal averaged velocity field with the high spatial resolution instead of the
instantaneous velocity fields (Westerweel, Geelhoed, and Lindken, 2004).
The spatial correlation was calculated using the commercial software for PIV (Dynamic
Studio 6.7, Dantec Dynamics) and the instantaneous velocity fields were calculated with the
conventional spatial correlation method. The conventional method uses the spatial information
on the instantaneous particle images divided by the spatial interrogation window. Therefore,
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(a) Schematic system of a jet generaating system
(b)  Anechoic room (c)  Plenum Chamber inside 
       the anechoic room
Figure 4.4: Schematics images of the jet generating system using high pressure
air and the anechoic room.
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the spatial resolution is limited by the size of the spatial interrogation window. The minimum
size of the interrogation window was 8 × 8 pixels in the present study and its spatial resolution
corresponds to approximately 1.1 mm/vector. The instantaneous velocity fields calculated by
this conventional method were employed, and the standard deviation and the Reynolds stress
were calculated using the results.
The single-pixel ensemble correlation method was proposed by Westerweel, Geelhoed, and
Lindken (2004), and the velocity fields with the high spatial resolution of the unit of pixels were
calculated. This method calculates the velocity from the temporal evolution of the pixel intensity
instead of the spatial distribution of the intensity. Therefore, only the temporal averaged velocity
fields can be obtained. Ozawa, Nonomura, and Asai (2019) and Ozawa et al. (2019) applied this
method to the supersonic jet flow and they showed that their results agree well with those of the
conventional spatial correlation method. The detailed explanation of this method is described
in Section 2.4.1. The spatial resolution of velocity fields estimated by the single-pixel ensemble
correlation method in the present study was approximately 130 um. Note that this correlation
method is used only for the calculation of the temporal-averaged velocity fields.
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(b) FOV of xy plane (c) FOV of yz plane
Figure 4.5: Schematics images of PIV system for twin jets at Tohoku University.
4.3.3 Schlieren Visualization
The schlieren visualization technique which can visualize the density gradient of the flow field
was conducted and the aeroacoustic fields of a supersonic jet were investigated. Figure 4.6
shows that the schematic image of the schlieren visualization system at the jet generating system
of Tohoku University. The standard Z-type schlieren system was employed for the visualization.
We used a pulsed light-emitting-diode (LED) light system (LE CG P3A 01-6V6W-1, OSRAM)
as a point light source (Komuro et al., 2017; Komuro et al., 2019). The light source was placed
outside of the anechoic room and the emitted light was collimated by a parabolic mirror having
a diameter of 200 mm. The collimated light passes through the windows of the anechoic room
facing each other as shown in Fig 4.6. The collimated light passed the jet flow was condensed
by the other parabolic mirror and the schlieren images were focused on the image sensor of the
camera using a convex lens.
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The high-speed camera (Phantom V611, Vision Research) and a convex lens of which
focal length is 300 mm were used for acquiring the schlieren images. The spatial size of the
visualization was approximately 200 × 160 mm. The image resolution and the frame rate were
1280 × 800 pixels and 4000 frame per seconds, respectively. The exposure time was controlled
by the pulsed LED light system and it was approximately 400 ns. The knife edge was placed
and the density gradient of streamwise direction were emphasized. The high-speed camera
was used in the frame-straddling mode to acquire the double-pulsed schlieren images with a
short time interval of 2 us. The acquired images were analyzed by the exact dynamic mode
decomposition (DMD) which provides the information about the dynamics of the flow fields










Figure 4.6: Schematics images of schlieren optical system at Tohoku University.
4.3.4 Acoustic Measurement
Far-field acoustic measurements of the equivalent single jet and the twin jets were conducted in
the anechoic room by means of eight microphones. Figure 4.7 depicts that the observer position
for far-field acoustic measurements. The distribution of the far-field sound pressure level was
acquired in the range of 30 ≤ θ ≤ 100 and 0 ≤ φ ≤ 90 because of the asymmetric of twin jets
configuration. The spatial resolution of the acoustic measurements is 10 deg in both angles.
The acoustic measurements can measure all of the streamwise angles in the measurement range
at once and repeated 10 times for each azimuthal angle for acquiring the SPL map. To change
the azimuthal angle of the observer, the twin jets nozzles were rotated on the base flange.
The acoustic signal was recorded for 3 seconds using a microphone at each position. Eight
1/4-inch condenser microphones (TYPE4158N, ACO) were used for the acoustic measurement.
The microphone sensitivity and the maximum sound pressure level (SPL) were 3.2 mV/Pa
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Figure 4.7: Location of the microphone for far-field acoustic measurement.
and 150 dB, respectively. The signals of microphones were amplified using two power supplies
(TYPE5006/4, ACO) and recorded using a computer through the twoDAQanalyzers (USB-6363,
National Instruments) and the two shielded connector blocks (BNC-2120, National Instruments).
An acoustic calibrator (TYPE2127, ACO) was employed for the calibration of a microphone
and the calibration was conducted at 1000 Hz of 94 dB which corresponds to the fluctuation
amplitude of 1 Pa. The signal from a microphone was measured with a sampling frequency of
192 kHz. The frequency analysis using the fast Fourier transformation (FFT) was applied for
the measured data. The FFT analysis was conducted using the data length of 1024 points with
50% overlapping. The acoustic spectra were calculated as the 1000 times averaging of the FFT
results.
4.4 Results and Discussion
4.4.1 Temporal Averaged Velocity Fields
Figure 4.8 shows the distribution of the temporal averaged velocity fields of twin jets on xy
plane. The velocity field of a single jet is also shown in this figure. The spatial resolution of the
velocity fields is sufficiently high to resolve the steep velocity gradient of the shear layer thanks
to the single-pixel ensemble correlation method (Westerweel, Geelhoed, and Lindken, 2004).
The temporal averaged velocity distribution clearly shows the shear layer and the potential core
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of each jet. The position where the interaction of the velocity fields occurs moves downstream
side as the nozzle spacing s increases as expected. The velocity distribution also qualitatively
shows the slightly longer potential core of each jet in the case of s/D = 1.55. To investigated
the velocity fields quantitatively, the axial velocity distributions on the symmetry line (y = 0)
and the centerline (y = 0.5 × s) of one jet in the twin jets configuration are shown in Fig 4.9.
The distributions of the axial velocity on the centerline are not affected by the nozzle spacing s
and their distributions agree well with that of a single jet. The velocity fluctuations observed in
the potential core seems to be due to the shock cell structures. The reason why the shock-cell
structure appears even in the ideally expanded condition seems to be due to the change in the
actual nozzle diameter because the boundary layer inside a nozzle makes the diameter of the
nozzle exit smaller as described in Section 2.5.1.
The streamwise distribution of the axial velocity on the symmetry line (y = 0.5× s) shown in
Fig 4.9 is considered to represent the interaction of the velocity fields of each jet. The streamwise
position where the axial velocity on the symmetry line increases indicates that the interaction of
the velocity fields is occurring and moves downstream side with increasing the nozzle spacing.
This result is reasonable to understand the basic characteristics of twin jets flow. In addition, the
increase in the axial velocity on the symmetry line becomes steep with decreasing the nozzle
spacing. Therefore, the small nozzle spacing seems to make the interaction of the velocity fields
strong.
Figure 4.10 shows the distributions of the temporal averaged velocity fields on xz plane.
Note that the velocity distribution of a single jet is the same as that shown in Fig. 4.8 because
of the axisymmetric single jet. The velocity distributions of all the twin jet configurations show
a single-jet-like velocity field. The potential core length of s/D = 1.55 seems to be longer than
the others.
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Figure 4.9: Axial distribution of streamwise velocity at the center line and the
symmetry line.
114
4.4. Results and Discussion





































































Figure 4.10: Temporal averaged velocity fields of twin jets on xz plane.
The shear layer thickness and the jet half-width on xy and xz planes were calculated to
investigate the spatial development of twin jets quantitatively. Figure 4.11 shows the definition
of the shear layer in the twin jets configuration. The shear layer of twin jets on xy plane can
be divided into two types of the shear layer because one side of the twin jets is affected by
another jet. Here, the outer shear layer is supposed to be the opposite side of the symmetry
line and the inner shear layer is supposed to be the symmetry line side. Note that the growth
rate of the inner shear layer may be affected by the acoustic waves or the interaction of velocity
fields in the xy plane. Firstly, the outer shear layer of xy plane and the shear layer of xz
plane were calculated and the uniformity of the spatial development on yz plane of twin jets is
investigated. Figure 4.12 shows the shear layer thickness δ and the jet half-width r0.5. The shear
layer thickness is calculated using the definition proposed by Troutt and McLaughlin (1982) as
shown in Eqs. 2.4 and 2.5. The shear layer thickness was calculated by the curve fitting to the
measured velocity profile. Figure 4.12 also shows the shear layer thickness and the jet half-width
reported by Troutt and McLaughlin (1982).
The growth rate of the shear layer and the jet half-width does not have a difference between
xy and xz plane except for the case of s/D = 1.55. This indicates that each jet of twin jets
uniformly develops in yz plane in the case of the nozzle spacing over 2. Therefore, the effect
of the interaction on the spatial development of twin jets is relatively small compared with
that of s/D = 1.55. The shear-layer-growth-rate of xy and xz planes in the case of s/D ≥ 2
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asymptotically approaches that of a single jet with increasing the nozzle spacing. In addition,
the shear-layer-growth-rate and the jet half-width of xy and xz plane show good agreement with
that of a single jet in the case of s/D = 5. Therefore, the interaction of each jet seems to be
sufficiently small in the case of s/D = 5. On the other hand, the jet half-width of s/D = 1.55
shows the large difference between xy and xz plane while the shear-layer-growth-rate does not
have a difference. The jet half-width of xy plane is smaller than that of xz plane. The small
jet half-width means that the growth direction of the shear layer is not only towards the outside
but also towards the potential core side. Therefore, these results indicate that the twin jet of
s/D = 1.55 elliptically spreads towards the downstream side and its potential core is also elliptic.
Thus, the twin jet of s/D = 1.55 is strongly affected by each jet of the twin jets.
Figure 4.13 shows the comparison of the shear layer thickness and the jet half-width of xy
plane between the outer and inner shear layer. The inner shear layer of s/D = 1.55 and 2 grows
rapidly due to the interaction of the velocity fields. Therefore, the definition of the shear layer
can not be applied to the velocity fields of s/D = 1.55, 2 after each jet is completely merged
at the downstream side. On the other hand, the shear-layer-growth-rate of the inner shear layer
asymptotically approaches that of the outer shear layer with increasing the nozzle spacing in the
case of s/D = 3 ∼ 5. Therefore, the larger shear-layer-growth-rate of the inner shear layer seems
to be due to the aeroacoustic interaction of each jet and its effect decreases with increasing the
nozzle spacing. Consequently, the twin jets with the nozzle spacing of s/D = 5 does not have









(a) FOV of xy plane (b) FOV of xz plane
Outer shear layer
Inner shear layer
Figure 4.11: Definition of the outer and the inner shear layer of twin jets config-
uration.
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xy plane of outer shear layer
Troutt & McLaughlin (1980)
M=2.0, Re=5.2×106
Figure 4.12: Shear layer thickness and jet half width of xy plane and xz plane.
117










































































xy plane of inner shear layer
xy plane of outer shear layer
Troutt & McLaughlin (1980)
M=2.0, Re=5.2×106
Figure 4.13: Comparison of the shear layer thickness and jet half width of xy
plane between the outer and the inner shear layer.
4.4.2 Turbulent Statistics of the Velocity Fields
The turbulent statistics of the twin jets which relates the generation of the acoustic waves is
investigated. Figures 4.14 and 4.16 show the standard deviation of the streamwise velocity and
the Reynolds stress of xy plane calculated by the conventional spatial correlation method. The
spatial resolution of the conventional spatial correlation method was one eighth of that of the
single-pixel ensemble correlation method. The areas colored gray are the regions where its
spatial resolution is not sufficiently high to resolve the local shear layer thickness. In the present
study, we suppose that the velocity calculation may have an error in the region where the shear
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layer thickness δ is less than 4 times the minimum spatial resolution of the conventional spatial
correlation method. The 4 times of the minimum spatial resolution was approximately 4 mm and
the streamwise position where the shear layer thickness is larger than 4 mm is around x/D ≈ 6.
Therefore, the velocity fields of x/D ≤ 6 calculated by the conventional spatial correlation
method are not shown in these figures. Figures 4.15 and 4.17 also show the radial distribution
of the standard deviation and the Reynolds stress of xy plane at each streamwise position. The
vertical axis of these figures is (y − 0.5s)/D where the centerline of an upper jet of twin jets is
zero. Therefore, the negative value of (y − 0.5s)/D represents the inner shear layer of twin jets
and the positive value of that indicates the outer shear layer of twin jets.
The standard deviation shown in Fig. 4.14 of s/D = 5 shows like the distribution of parallel
two single jets. This trend agrees with that the interaction of each jet does not appear in the
temporal averaged velocity fields of twin jet with the nozzle spacing of s/D = 5. On the other
hand, the effect of the nozzle spacing appears in the case of s/D ≤ 4. The standard deviation
of the outer shear layer increases with decreasing the nozzle spacing and that of the inner shear
layer decreases with decreasing the nozzle spacing. The low standard deviation in the inner
shear layer seems to be due that the velocity gradient of the symmetry line decreases because
the position where the interaction of the velocity fields appears moves the upstream side with
decreasing the nozzle spacing. Figure 4.15 shows that the radial distribution of the standard
deviation is symmetric regarding the centerline of the jet in the case of s/D = 4, 5 which does
not have strong interaction of each jet. This symmetry distribution of the standard deviation
starts to break as the nozzle spacing decreases and the peak value of the standard deviation
becomes small in the inner shear layer. In addition, the peak position of the inner shear layer
moves towards the centerline of the jet with decreasing the nozzle spacing. While the effect of
the nozzle spacing on the outer shear layer is relatively smaller than that of the inner shear layer,
the peak value of the standard deviation in the outer shear layer increases with decreasing the
nozzle spacing.
The Reynolds stress shown in Fig. 4.16 also has the same tendencies as those of the standard
deviation. The distribution of the Reynolds stress shows like the distribution of parallel two
single jets in the case of s/D = 4, 5 which does not have a strong interaction of each jet.
The maximum absolute value of the Reynolds stress in the inner shear layer decreases with
decreasing the nozzle spacing and the peak position moves towards the centerline of the jet with
decreasing the nozzle spacing. On the other hand, while the Reynolds stress in the outer shear
layer increases with decreasing the nozzle spacing, its peak position does not move. These
results indicate that the turbulent mixing is suppressed due to the relaxation of the velocity
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gradient of the inner shear layer in the case of the small nozzle spacing whereas the turbulent
mixing is enhanced in the outside shear layer.

























































Figure 4.14: Distribution of the standard deviation of the streamwise velocity on
xy plane.
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Figure 4.15: Radial profile of the standard deviation of the streamwise velocity
on xy plane.


























































Figure 4.16: Distribution of the Reynolds stress on xy plane.
121























Figure 4.17: Radial profile of the Reynolds stress on xy plane.
u'/Uj 0.150




































































Figure 4.18: Distribution of the standard deviation of the streamwise velocity on
xz plane.
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Figure 4.19: Radial profile of the standard deviation of the streamwise velocity
on xz plane.






































































Figure 4.20: Distribution of the Reynolds stress on xz plane.
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Figure 4.21: Radial profile of the Reynolds stress on xz plane.
Figures 4.18 and 4.20 show the standard deviation of the streamwise velocity and the
Reynolds stress of xz plane calculated by the conventional spatial correlation method, respec-
tively. The radial distributions of them on xz plane at each streamwise position are also shown
in Figs. 4.19 and 4.21. The standard deviation and the Reynolds stress of all of the twin jets are
slightly larger than that of a single jet. However, the effect of the nozzle spacing does not appear
in both of them. The radial distribution of them are symmetry regarding the centerline of the
jet as shown in Figs. 4.19 and 4.21. These trends agrees well with that observed in the temporal
averaged velocity fields.
4.4.3 POD Analysis of the Velocity Fields
The results of PIV including the temporal averaged velocity and the turbulent statistics showed
that the strong interaction occurs in the case of s/D = 1.55 while the distinct interaction of each
jet was not observed in the case of s/D = 5. However, the turbulent coherent structure cannot
be observed from the analysis of the turbulent statistics. The generation of the turbulent mixing
noise is considered to depend on the large-scale coherent structure in twin jets. Therefore, POD
analysis was applied to the 6,800 snapshots of the instantaneous velocity fields measured by PIV
and the coherent structures in the velocity fields were investigated. POD analysis was performed
using two velocity components of u and v. The spatial resolution of the POD modes for twin
jets and a single jet are 160× 75 and 160× 50 vectors, respectively, corresponding to that of the
instantaneous velocity fields calculated by the conventional spatial correlation.
Figure 4.22 shows the energy ratio of the top 100 PODmodes for all the cases. Themaximum
energy ratio is approximately several percentages regarding the total energy. This lowmaximum
124
4.4. Results and Discussion
energy ratio is due to the complex flow fields of twin jets as described in Section 2.4.3. Although
the frequency-domain POD can effectively extract the principal component of the velocity fields,
this technique cannot apply to the PIV data of the present study because the sampling frequency
is too low to obtain the fluctuations of the unsteady flow. However, standard time-domain POD
is still useful to investigate the coherent structure of the velocity fields. The energy ratio of a
single jet is basically larger than that of any twin jets in low-order modes under 30. This seems
to be due to the low turbulence intensity observed from the analysis of the turbulent statistics.
The energy ratio of the first 20 modes in s/D = 1.55 and 2 are relatively higher than that of
s/D = 3 ∼ 5. The twin jets with the nozzle spacing of s/D = 1.55 and 2 have the strong
interaction of the velocity fields as described before. Therefore, this high energy ratio may be





















Figure 4.22: Energy ratio of top 100 POD modes for each nozzle spacing.
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(c) Single jet
Figure 4.23: Spatial distribution of POD modes calculated from the results of
PIV.
Figure 4.23 shows the spatial modes of s/D = 1.55, 5, and a single jet. Figure 4.23 only
shows the spatial modes with characteristic distributions. Eachmode has the spatial distributions
of two velocity components u and v because the POD analysis was performed using these two
velocity components. Although the POD modes were calculated for all the cases, the discussion
of the results only focuses on the distinct pattern of the POD modes because a lot of similar
modes which makes the discussion confusing are observed in the other cases. The spatial modes
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of a single jet shown in Fig. 4.23(c) can be a basis of the discussion. Here, the spatial mode
is divided into 4 types of modes: a symmetric mode of u (SU), an asymmetric mode of u
(AU), a symmetric mode of v (SV), and an asymmetric mode of u (AV). The criterion for the
symmetry in the case of u modes is the jet centerline and that of v modes is the y direction at each
streamwise position. The first mode of a single jet has AU and AV modes. These modes seem
to imply the helical modes which are dominant modes of a supersonic jet. The other high-order
modes are also AU and AV modes with a small wavelength. Therefore, the POD modes of the
velocity fields for a single jet mainly have asymmetry pattern which may indicate the helical
modes.
The first mode of twin jets with s/D = 1.55 and 5 has SU and SV modes in both cases
and the region with high amplitude locates at the downstream side of twin jet flow. These
modes are different from those of a single jet and indicate that the strong interaction between
each jet occurs in the symmetric fluctuation at the downstream side. The high-order modes
of s/D = 1.55 also have SU and SV modes with decreasing the wavelength of the fluctuation
except for a curious pattern of mode 22. Therefore, the interaction of twin jets in the case of
s/D = 1.55 occurs in the symmetric fluctuations of the velocity fields. In addition, mode 22 of
s/D = 1.55 shows AU and AV modes of which amplitude is high in the inner shear layer region.
The streamwise distribution of the amplitude increases towards the downstream side and that
reaches the maximum near the end of the potential core. This mode seems to relate to the DMD
modes of schlieren images and the details are described in the next section.
On the other hand, the high-order modes of s/D = 5 are AU and AV modes which are the
same as those of a single jet, although those of s/D = 1.55 are SU and SV. The wavelength of AU
and AV decreases with increasing the order of modes. This seems to indicate that the interaction
of each jet is relatively weak in the case of s/D = 5 and the fluctuation modes are similar to
those of a single jet. Therefore, the interaction of twin jet in the case of s/D = 5 mainly occurs
in the symmetric fluctuations of the first mode and its interaction is relatively weak compared
with that of s/D = 1.55. These results indicate that the interaction of each jet still occurs in the
case of s/D = 5 which does not have the distinct effect of interaction on the averaged velocity
fields and turbulent statistics. In addition, the coherent structures of the interaction depend on
the nozzle spacing. The narrow nozzle spacing leads to the strong interaction of the symmetric
fluctuations and the wide nozzle spacing leads to the weak interaction resulting in the similar
fluctuation mode of a single jet.
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4.4.4 Density Gradient Fields
The density gradient fields of twin jets were visualized by schlieren technique and the aeroa-
coustic fields of twin jets were investigated. Figure 4.24 shows the instantaneous schlieren
images and temporal averaged schlieren images, respectively. The instantaneous schlieren im-
ages clearly visualize the density gradient of the flow and acoustic fields of twin jets. The Mach
wave emission of which directivity is towards the downstream side is observed in both of the
outsides and insides of the twin jets flow fields. The large shear-layer-growth-rate in the inner
shear layer shown in Fig 4.13 seems to be due to the Mach wave emission of the inside because
the strong acoustic waves might excite the turbulence in the inner shear layer resulting in the
large growth rate of the shear layer. The averaged schlieren images in Fig 4.24(b) shows the
shock cell structures inside the potential core of each jet. Although the shock-cell structure does
not clearly appear in the instantaneous images, the periodic shock waves and expansion waves
are observed in the averaged images. This indicates that the strength of the shock waves is
not significantly large. The presence of the shock-cell structure was also observed by the axial
velocity fluctuation at the jet centerline as shown in Fig 4.9. Thus, these results are consistent
with those of PIV measurements.
The present study acquired the double-pulsed schlieren images which resolve the displace-
ment of density gradient due to the turbulent structures and the acoustic waves. The short time
interval was 2 us which is sufficiently small to resolve the displacement. Therefore, exact-DMD
analysis (Tu et al., 2014) was applied to the double-pulsed schlieren images and the coherent
structures which have responsibility for the acoustic wave generation and its frequency was
estimated. The 2,500 pairs of the schlieren images are used for DMD analysis and the original
data was truncated to the low-order description of 30 modes using SVD. The number of modes
for the truncation is relatively small because a large number of modes leads to an estimation
error due to the noisy experimental data. Therefore, the 30 eigenvectors including the complex
conjugate of the eigenvalues are computed by DMD. The exact-DMD analysis was applied not
only to the twin jets but also to a single jet. Figures 4.25, 4.26, and 4.27 summarize the results
of the DMD analysis. Although the results of other nozzle spacing of twin jets are not shown in
this section, the expected trends were observed in other cases. Therefore, the results of DMD
analysis were discussed focusing on the case of s/D = 1.55 and 5. Here, the result of a single
jet can be a basis for discussing the interaction of each jet. These figures consist of the power
spectrum of DMD modes, eigenvalues of DMD modes, and the spatial distribution of DMD
modes for each nozzle spacing. The power spectrum of these figures is defined as DMD mode
amplitude which corresponds to the unit of pixel intensity. The plot of eigenvalues also shows
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(a) Instantaneous image (b) Averaged image
Figure 4.24: Schlieren images of twin jets.
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the unit circle and the amplification of each mode is represented. The eigenvalues of all modes
are less than unity regardless of the nozzle spacing and all DMD modes are decay mode.
The two types of peaks are observed in the power spectrum of DMD modes for both
cases of twin jets as shown in Figs. 4.25 and 4.26. One is a peak at the high-frequency side
(0.25 . St . 0.35) and its amplitude is larger than the other peak. The DMD modes at the
high-frequency peak are named H1 and H2 as shown in these figures. Especially, the DMD
power of H1 and H2 of s/D = 1.55 is significantly high compared with that of s/D = 5. The
other peak is at the low-frequency side (0.10 . St . 0.15) and its amplitude is lower than that
of the high-frequency side. The DMD modes at the low-frequency peak are named L1 and L2
modes in the present study. The numbers of each mode indicate the energy level at each peak.
These 4 modes are depicted as the spatial distribution in Figs. 4.25 and 4.26. Conversely, the
power spectrum of DMD modes for a single jet has only a single peak at St . St . 0.15. This
frequency corresponds to that of L1 and L2 modes observed in twin jets. Therefore, the two
modes at this frequency with a large amplitude was named as L1 and L2 modes of a single jet.
In addition, the DMD modes of which frequency corresponds to H1 and H2 modes of twin jets
are also compared with those of twin jets. The spatial distribution of DMD modes consists of
three kinds of values: the real part, the amplitude, and the phase, respectively. The real part and
phase are considered to represent an instantaneous acoustic propagation pattern and the direction
in which the phase increases corresponds to the direction of acoustic wave propagation. The
amplitude is considered to represent the sound pressure level.
The L1 and L2 modes of a single jet at low-frequency show symmetric pattern with respect
to the jet centerline, as shown in Fig 4.27. Since the Mach wave is dominant noise source in an
ideally expanded supersonic jet, the large peak of L1 and L2 seems to represents the Mach wave
emission. The L1 and L2 modes have large amplitudes at the downstream side and their pattern
appears to represents the large-scale flow fluctuation generating the Mach wave. Although the
H1 and H2 modes of a single jet show the pattern of the Mach wave emission, their distributions
are not organized.
The H1 and H2modes of s/D = 1.55 clearly show the fluctuation of the flow and the acoustic
fields. The asymmetric pattern is observed in the potential core of each jet and their interaction
occurs in the inner shear layer. This interaction is asymmetric with respect to the symmetry
line (y = 0) and the amplitude reaches the maximum near the end of the potential core of each
jet. Moreover, this strong interaction generates the acoustic waves of which propagation pattern
is like the Mach wave. The phase distribution of the H1 mode also shows the omnidirectional
pattern centered on the position near the end of the potential core. Therefore, the acoustic waves
130
4.4. Results and Discussion
generated from the interaction of twin jets propagate towards not only the downstream side but
also the upstream side. This acoustic wave may be easy to observe at the upstream side in the
far-field because the acoustic fields of the downstream side are dominated by the Mach wave.
The results of far-fields acoustic measurements are discussed in the next section. Moreover, the
characteristics of H1 and H2 modes agree well with those of mode 22 which is POD modes
calculated from the velocity fields in the case of s/D = 1.55. The mode 22 shows the asymmetry
distribution in the inner shear. Therefore, the coherent structures which relate to the generation
of this acoustic wave also seem to be observed in PIV measurements.
The power spectrumof Fig. 4.25 shows a relatively broad and low amplitude peak (L1 andL2)
near the Strouhal number of 0.1. This Strouhal number is considered to be the peak frequency
of the Mach wave radiation. Therefore, the extracted DMD modes may relate to the Mach wave
generation. The L1 mode shows symmetric patterns inside the potential core of each jet and this
symmetric pattern merges at the downstream side. The characteristics of this mode is similar to
those of L1 and L2 modes for a single jet. This indicates that the large-scale coherent structure is
formed due to the interaction of twin jets at the downstream side. In addition, this L1 mode also
shows the Mach wave pattern in the acoustic fields and the distribution of its amplitude spreads
wide area. Thus, the Mach wave generation along with the jet is observed. The L2 mode shows
the symmetric pattern at the downstream side and its amplitude is large. This mode indicates
that the large-scale coherent structure seems to be formed due to the coupling of the turbulent
structure generated from each jet. This coupling seems to generate the large-scale structures
that can not be realized with a single jet resulting in the increase in low-frequency noise.
The results of DMD in the case of s/D = 5 are shown in Fig. 4.26. The power spectrum of
DMDmodes has a peak at the high-frequency side (H1 and H2) while the lower frequency peak
does not appear clearly (L1 and L2). The spatial distributions of the H1 and H2 modes have
similar trends to each other. The asymmetric pattern is observed in the potential core of each jet
and its amplitude is biased. This bias seems to be due to the long distance of each jet resulting
in the decrease of the interaction effect. Even the amplitude of the asymmetric pattern is biased,
the interaction of twin jets is clearly visualized in the phase distribution. The interaction of twin
jets is asymmetric with respect to the symmetry line (y = 0) and has similar trends to those of
s/D = 1.55. Therefore, the interaction at the high-frequency side is asymmetric regardless of
the nozzle spacing and the interaction becomes weak with increasing the nozzle spacing.
The peaks at the low-frequency side are observed at a relatively higher frequency compared
with that of s/D = 1.55. The spatial distributions of L1 and L2 modes have symmetry patterns
at the jet centerline and the Mach wave propagation pattern is observed. The amplitude basically
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Figure 4.25: Results of DMD in the case of s/D = 1.55.
132









0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4


















































































































































Figure 4.26: Results of DMD in the case of s/D = 5.
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Figure 4.27: Results of DMD in the case of a single jet.
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distributes a wide range of the flow field. The interaction of each jet seems to be asymmetry as
shown in the phase distribution of L1 and L2 modes. This asymmetric interaction of L1 and
L2 modes is different from that of s/D = 1.55. This seems to be due to the weak coupling
of twin jets caused by the long nozzle spacing. Therefore, the reason why the peak frequency
is relatively higher than that of s/D = 1.55 is that the large-scale coherent structure is not
generated due to the weak coupling in the case of s/D = 5.
The results of DMD analysis for twin jets mainly shows the interaction of the high-frequency
side and the low-frequency side. The interaction of the high-frequency side occurs near the end
of the potential core and its interaction is asymmetry with respect to the symmetry line of twin
jets. The symmetry modes of each jet are clearly visualized and its wavelength of the fluctuation
increases with increasing the nozzle spacing. The frequency of the DMD modes is high in the
case of s/D = 1.55 while the frequency of other cases does not drastically change with respect
to the nozzle spacing. The interaction of the low-frequency side generally indicates the coupling
of the large-scale coherent structures.
4.4.5 Far-fields Acoustic Fields
The above discussion mainly focuses on the flow fields of twin jets acquired by PIV and schlieren
visualization. The DMD analysis of the schlieren images reveals that the characteristics of
aeroacoustic fields and the frequency of acoustic waves are roughly estimated. Therefore, the
acoustic fields of the far-fields are discussed in this section. Firstly, the difference of the noise
intensity between the twin jets and the equivalent single jet (∆OASPL) are discussed and the
fundamental characteristics of the twin jets are investigated. Here, the OASPL distribution of
the equivalent single jet (D = De = 10 mm) acquired at r = 100De is the same as that of a
single jet of which diameter is twin jet nozzle (D = 7.07 mm) when the Reynolds number effect
can be negligible. The acoustic power of two incoherent jets with a diameter of D = 7.07 mm
is 3 dB higher than that of a single jet with the same diameter because of the double acoustic
power (10 log10 2). Therefore, "single jet +3 dB" is originally the standard of the acoustic power
emitted from twin jets. However, the present study measured the acoustic waves of twin jets
at r = 100De resulting in the distance attenuation of 3 dB (20 log10 1/
√
2) assuming the point
noise source. Thus, the difference of far-field OASPL distribution can simply be calculated as
the direct subtraction of twin jets acoustics from the equivalent single jet acoustics.
The total difference in noise intensity was calculated from the distribution of ∆OASPL with
spherical surface integration. The surface-integrated value was divided by the total surface area
and the noise difference per unit surface was calculated. Table 4.2 summarizes the calculated
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noise difference in each case. Since the noise difference of all cases is negative, the twin jets
configuration basically reduces the noise intensity compared to the equivalent single jet. This
is because the scale of a single jet becomes small resulting in the reduction of noise amplitude.
The maximum noise reduction was achieved in the case of s/D = 2 and the noise reduction of
s/D = 1.55 is nearly comparable with that of s/D = 2. On the other hand, the amount of noise
reduction decreases with increasing the nozzle spacing (s/D ≥ 3).
Table 4.2: Total difference in noise intensity calculated with spherical surface
integration
s/D = 1.55 -1.03 dB
s/D = 2 -1.12 dB
s/D = 3 -0.86 dB
s/D = 4 -0.85 dB
s/D = 5 -0.70 dB
Figure 4.28 shows the distribution of ∆OASPL between the twin jets and the equivalent
single jet. The definition of the coordinate system and the observer positions are shown in
Fig 4.7. ∆OASPL is basically negative value in the entire region except for the region at
40 ≤ θ ≤ 60 and 50 ≤ φ ≤ 90. This increase in noise intensity may relate to the coupling of
the large-scale coherent structures observed in the L1 and L2 modes of DMD modes calculated
from the double-pulsed schlieren images. In addition, this noise amplification is the minimum
in the case of s/D = 1.55.
The region where the noise reduction is significant is observed in the xy plane of the
downstream side (0 ≤ φ ≤ 40, 30 ≤ θ ≤ 50). This reduction of the sound pressure is considered
to be the shielding effect of jet noise because the noise reduction is only observed at the shadow
zone on xy plane. The region of the shielding effect is the widest in the case of s/D = 2
and its size decreases with increasing the nozzle spacing. In addition, the shielding effect of
s/D = 1.55 is relatively weaker than that of other cases. This trend agrees well with that of the
total difference in noise intensity shown in Table 4.2. Therefore, the noise reduction of twin
jets is considered to be mainly caused by the shielding effect.
The reason why the shielding effect only appears on the downstream side seems to be
due to the total reflection of the acoustic wave. The noise reduction of the shielding effects
mainly caused by the reflection, the refraction, and the scattering of acoustic waves due to the
presence of the shear layer. Here, the scattering of the acoustic waves should be negligible at
the downstream side where the Mach wave is dominant because the sound scattering by the
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Figure 4.28: Far-field distribution of difference of the overall sound pressure level
between single jet and twin jets.
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turbulence is only remarkable in the case of the wavelength of the acoustic waves are smaller
than the turbulent scale. The refraction of acoustic waves may reduce the noise if the refracted
direction is outside of the shadow zone. The refracted acoustic wave must transmit in the jet and
pass through the shear layer again resulting in the attenuation of the incident acoustic waves.
However, the main effect of the refraction is considered to shift the source position which is
seen from the observer. Thus, the reflection of acoustic waves seems to contribute to the noise
reduction of twin jets noise mainly. The incident angle of the acoustic waves decreases towards
the downstream side. This leads to the total reflection of the acoustic waves at the shear layer.
Therefore, the shielding effect is remarkable at the downstream side because the total reflection
of acoustic waves occurs at the downstream side. In addition, the region of noise reduction due
to the shielding effect decreases with increasing the nozzle spacing. This seems to be due that
the changes in the shadow zone. The shadow zone becomes smaller with increasing the nozzle
spacing if the source jet is supposed to be a point source. Therefore, the small shadow zone
leads to a decrease in the region with noise reduction.
Figure 4.29 shows the distribution of the far-field OASPL of an equivalent single jet and
twin jets. Note that the OASPL of a single jet does not have any azimuthal distribution because
of the axisymmetric jet. The OASPL of all the cases has a large amplitude at the downstream
side (θ ≈ 30◦) because of the directivity of the Mach wave emission. The OASPL of twin jet at
the upstream side is basically lower than that of a single jet. The effect of the azimuthal angle
φ does not appear in the case of s/D = 1.55 and its distribution is similar to that of a single
jet with a lower sound pressure level. This trend is a contrast to that observed in δOASPL of
Fig. 4.28. In the case of s/D=1.55, not only the shielding effect in xy plane becomes weak, but
also the noise amplification in xz plane becomes small. This seems to result in the uniform
distribution of OASPL in the azimuthal angle. On the other hand, the twin jets of s/D ≥ 2 have
the azimuthal distribution of OASPL at the downstream side. The OASPL at 0 ≤ φ ≤ 40 is
lower than that of 50 ≤ φ ≤ 90 at the downstream side. This reduction of the sound pressure is
due to the shielding effect which is observed in δOASPL of Fig. 4.28.
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Figure 4.29: Far-field distribution of overall sound pressure level.
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Figure 4.30: Far-field distribution of octave-band sound pressure level.
Figure 4.30 shows the octave-band sound pressure level of all the cases. The noise reduction
due to the shielding effect does not observe in the lowest frequency even in the cases which show
the shielding effect in the OASPL distributions. Moreover, the shielding effect clearly appears
in the OBSPL distributions with increasing the frequency. This frequency dependence of the
shielding effect seems to be due to the diffraction of acoustic waves. The diffraction mainly
retains the noise level of the shadow zone and the acoustic waves with large wavelengths are
easy to diffract. Therefore, the diffracted acoustic waves retain the noise level of the shadow
zone in the low frequency.
Figure 4.31 shows the frequency characteristics of the jet noise at φ = 0◦. The horizontal
axis of this figure is Strouhal number based on the diameter at the nozzle exit and the vertical
140
4.4. Results and Discussion
axis is streamwise angle θ. Note that the upper side of this figure is the downstream side of
the jet. There is a broadband peak at the downstream side of 30 ≤ θ ≤ 50 with the frequency
range of 0.03 ≤ St ≤ 1.0 in all the cases. This broadband peak is the peak of the turbulent
mixing noise due to the Mach wave emission of which directivity is towards the downstream
side. This peak amplitude of s/D = 1.55 is larger than that of the others in the low-frequency
side of 0.03 ≤ St ≤ 0.04. This seems to be due to the strong coupling of twin jets which is
observed in the results of DMD analysis. The large-scale coherent structure at the downstream
side is considered to increase the SPL at the low-frequency side in the case of s/D = 1.55.
Although the present study employs the ideally expanded supersonic jet aiming the elimina-
tion of the shock associated noise which makes the discussion confuse, the acoustic waves which
have the characteristics of the shock associated noise are observed. The dashed circle in this
figure indicates the acoustic waves which seem to be the shock associated noise. The spectra of
the turbulent mixing noise should monotonically drop after the peak frequency of the turbulent
mixing noise (St ≈ 0.1). However, there is another bump of SPL at St ≈ 0.3 ∼ 0.5. This seems
to be the shock associated noise. In addition, spectra of s/D = 1.55 shows the peak of which
frequency changes depending on the observation position at 80 ≤ θ ≤ 100. Therefore, this
acoustic wave is considered to be the broadband shock associated noise. The strong interference
of twin jet observed in the DMD modes of H1 and H2 in the case of s/D = 1.55 seems to relate
this shock associated noise because the peak frequency is the same. The spectra of twin jets
with s/D ≥ 2 also shows the characteristics of the broadband shock associated noise while its
peak amplitude is relatively lower than that of s/D = 1.55. Therefore, the twin jets with the
narrow nozzle spacing may enhance the generation of the shock associated noise because the
NPR is the same for all the cases. While the shock associated noise was observed, its intensity
is still quite low and the acoustic fields are considered to be dominated by the turbulent mixing
noise.
Figure 4.32 shows the frequency characteristics of the jet noise at φ = 90◦. The broadband
peak due to the turbulent mixing noise was observed at the downstream side of 30 ≤ θ ≤ 50
with the frequency range of 0.03 ≤ St ≤ 1.0 in all the cases. The effect of the nozzle spacing
appears at the peak of the turbulent mixing noise St ≈ 0.1. The peak amplitude of the Mach
wave increases with increasing the nozzle spacing. These trends agree well with that observed
in the OASPL distribution as shown in Fig 4.29. Therefore, the increase in the turbulent mixing
noise contributes to the increase in OASPL by increasing the nozzle spacing. In addition, the
peak amplitude of s/D = 5 is larger than that of a single jet. This effect of the nozzle spacing on
the Mach wave emission seems to relate to the Reynolds stress in the inner shear layer. The PIV
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measurement showed that the amplitude of the Reynolds stress is suppressed when the nozzle
spacing is narrow. The observer position of Fig 4.32 is at φ = 90◦ which is exposed to the
surface including the outer shear layer and the inner shear layer. Therefore, the low Reynolds
stress in the inner shear layer seems to result in the low amplitude of the Mach wave emission.






















































































Figure 4.31: Frequency characteristics of sound pressure level at φ = 0◦.
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Figure 4.32: Frequency characteristics of sound pressure level at φ = 90◦.
4.5 Conclusions
The aeroacoustic fields of twin jets were experimentally investigated as the simplified model of
the multiple supersonic jets. The present study focuses on the interaction of each jet and it was
investigated with changing the nozzle spacing of each jet. The ideally expanded supersonic twin
jets at the Mach number of 2.0 were investigated by means of PIV, schlieren visualization and
143
Chapter 4. Aeroacoustic Fields of the Multiple Supersonic Jets
acoustic measurement. The results of twin jets were compared with those of single jet and the
interaction effect on the aeroacoustic fields is discussed.
The temporal averaged velocity fields showed that the axial velocity at the symmetry line
qualitatively evaluates the interference of the velocity fields. The interference of each jet rapidly
occurs at the upstream side in the case of the narrow nozzle spacing (s/D = 1.55) and the
interference position moves towards the downstream side with increasing the nozzle spacing.
The shear-layer-growth-rate showed that the twin jets of s/D = 1.55 elliptically spreads towards
the downstream side due to the strong interaction. On the other hand, the effect of the interaction
decreases with increasing the nozzle spacing.
The turbulent statistics of twin jets showed that the maximum absolute value of Reynolds
stress in the inner shear layer decreases with decreasing the nozzle spacing. This result indicates
that the turbulent mixing is suppressed due to the relaxation of the velocity gradient in the inner
shear layer in the case of the narrow nozzle spacing. This seems to lead to the noise amplification
at φ = 90◦ observed in far-field acousticmeasurements. The standard time-domain POD analysis
of the velocity fields showed the interaction of coherent structures at the downstream side even
in the large nozzle spacing (s/D = 5).
The DMD analysis of double-pulsed schlieren images showed that DMD modes with high
amplitude appear at the high frequency and the low frequency regardless of the nozzle spacing.
The interaction of the high frequency asymmetrically occurs near the end of the potential core
and it seems to relate to the generation of the broadband shock associated noise at St ≈ 0.3. The
interaction of the low frequency in the case of s/D = 1.55 shows the symmetric coupling of
large-scale turbulent structures at the downstream side and this relates to the noise amplification
of the low frequency observed in the far-field OASPL distribution.
The OASPL of all the cases has a large amplitude at the downstream side because of the
directivity of the Mach wave emission. The effect of the azimuthal angle φ on the OASPL
distribution does not appear in the case of s/D = 1.55 and its distribution is similar to that
of a single jet with a lower SPL. Therefore, the twin jets configuration with the narrow nozzle
spacing seems to make the amplitude of the OASPL small at the entire field. On the other hand,
the jet shielding effect appears at φ ≈ 0 ∼ 30 in the cases of s/D ≥ 2. The noise reduction
due to the shielding effect decreases with increasing the nozzle spacing because of the changes
in the shadow zone. The shielding effect only appears at the downstream side because the total
reflection of the acoustic wave occurs due to the low incident angle of the acoustic waves at
the downstream side. The frequency dependence of the shielding effect was also observed in
OBSPL distribution and the noise reduction is significantly small in the low-frequency side.
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This seems to be due to the diffraction of acoustic waves which retain the noise level of the





The present study experimentally investigated the aeroacoustic fields of multiple ideally ex-
panded supersonic jets aiming for a comprehensive understanding and constructing the predic-
tion model of the aeroacoustic fields of a rocket with multiple engines. Although the recent
rockets often have a propulsion system that consists of small multiple rocket engines, which
can reduce the manufacturing cost improve the reliability, the aeroacoustic fields of multiple
supersonic jets have rarely been investigated in contrast to the rich data of a single supersonic jet.
The conventional prediction method which only considers a single supersonic jet cannot simply
be applied to the multiple supersonic jets because the interaction of each jet significantly affects
the sound pressure level and the directivity of the supersonic jet noise. The interpretation of the
multiple supersonic jets dynamics was breakdown to the superposition of simplified phenomena
such as the twin jets or a single jet. In addition, these simplified phenomena were investigated
under the ideally expanded conditions because the aeroacoustic fields are significantly affected
by the presence of shock waves such as a screech feedback loop or the coupling modes of twin
jets. Therefore, the laboratory-scale supersonic jet of M = 2 was reproduced at the ideally
expanded conditions for the experiments. The mass flow rate of twin jets and a single jet is
supposed to be constant and the thrust power of the rocket propulsion system was kept constant
in the present study.
Verification of the analysis methods
In chapter 2, the two types of analysis methods for a laboratory-scale supersonic jet are developed
and the verification of these analysis methods was performed using a single supersonic jet with
the nozzle exit diameter of 10 mm corresponding Reynolds number is Re = 106. One is the
velocimetry for estimating the convection velocity based on SIV using the single-pixel ensemble




The single-pixel ensemble correlation method is significantly effective for a supersonic jet
because the velocity field calculated from PIV images clearly visualize the potential core and
the shear layer development with high spatial resolution. The velocity profile with the steep
gradient of the thin shear layer was measured by PIV with high spatial resolution.
The standard schlieren and shadowgraph visualization was performed by means of a pulsed
LED light source for the SIV. The scale of the visualized turbulent structures of SIV is evaluated
from the auto-correlation map of each image under the assumption that the auto-correlation
peak has a Gaussian profile. The estimated diameter of shadowgraph images is approximately 3
pixels while the diameters of schlieren images are approximately 2.3 times that of shadowgraph
images. This large diameter of schlieren images indicates that the visualized turbulent structures
are larger than those of shadowgraph images. The results of SIV show the qualitative velocity
fields of a supersonic jet such as a potential core and the shear layer development. The maximum
velocities calculated from the shadowgraph and schlieren images are approximately 0.8 and 0.7
times of U j , respectively. This difference of the maximum velocity seems to be due to the
difference in the scale of the visualized turbulent structures because the maximum convection
velocity decreases as the scale of the turbulent structures increases. In addition, the maximum
velocity of shadowgraph images agrees well with the convection velocity estimated from the
Mach wave emission angle. This result implies that the visualized turbulent structures of
shadowgraph images relate to the generation of the Mach wave. Therefore, the results of the
SIV technique using the single-pixel ensemble correlation method are affected by the scales of
the visualized turbulent structures.
The frequency-domain POD was applied to the time-resolved schlieren images of a super-
sonic jet without shock-cell structures and that with shock-cell structures. The results of the
frequency-domain POD analysis shows the propagation pattern of the Mach wave and screech
in each case. In the case of the shock-containing jet, the frequency-domain POD can extract
the omnidirectional propagation pattern of screech at St = 0.125 which corresponds to the
fundamental screech frequency observed in the microphone measurement. The propagation
pattern of the Mach waves are also observed in both cases, and the basic characteristics of which
Mach wave propagation angle increases with increasing the frequency and the source position
moves the upstream side with increasing the frequency were clearly visualized. Therefore, the





In chapter 3, the Reynolds number effect on the aeroacoustic fields of a supersonic jet was
investigated because the constant mass flow rate of a single jet and twin jets makes the nozzle
exit diameter of the twin jets nozzle small resulting in the decrease in the Reynolds number. The
ideally expanded supersonic jet at the Mach number of 2.0 was reproduced. In addition to the
Reynolds number of a single jet (Re = 1.0 × 106) and twin jets (Re = 7.0 × 105), a supersonic
jet of which the Reynolds number is one-order lower (Re = 1.0 × 105) were also employed for
the experiment. The present study focused on the laminar-to-turbulent transition which is one of
the important phenomena characterizing the aeroacoustic fields so that the experimental results
of a transitional jet should be interpreted carefully. The effect of the disturbance added in the
inlet was also investigated because the disturbance can change the turbulent features of the shear
layer such as the transition of the shear layer. The aeroacoustic fields of a supersonic jet were
observed by means of PIV, schlieren visualization, and near-fields acoustic measurement.
The results of PIV indicate that the laminar-to-turbulent transition occurs in the case of
low-Reynolds-number jet (Re = 1.0 × 105). The transition causes the change of the shear-
layer-growth rate at x/D ≈ 1.8 and a significant increase in turbulent fluctuations near the
transition point. The POD analysis of the schlieren images implies that this increase in turbulent
fluctuations can be a strong noise source for generating the Mach wave. The increase in OASPL
due to the Mach wave emission was also observed in near-field acoustic measurements. Thus,
these results indicate that the transition is a strong noise source for generating the Mach wave.
On the other hand, the transition was not observed in the case of the high-Reynolds-number
jet (Re = 1.0×106 and 7.0×105) because the shear layer is fully turbulent at the nozzle exit. The
OASPL of the high-Reynolds-number jet was relatively smaller than that of the low-Reynolds-
number jet because the transition does not occur. In addition. the disturbance added in the inlet
can promote the earlier transition and suppress a significant increase in turbulent fluctuations in
the case of the low-Reynolds-number jet (Re = 1.0 × 105). Therefore, the disturbance seems to
make the aeroacoustic fields of a transitional jet similar to those of a high-Reynolds number jet.
Traditionally, the effect of the Reynolds number can be negligible when the Reynolds number
is Re > 4×105 because the shear layer of a supersonic jet is fully turbulent. Since the laminar-to-
turbulent transition was not observed in the case of 7.0×105 which corresponds to the Reynolds
number of each nozzle of twin jets, the Reynolds number effect on the aeroacoustic fields of a
single jet and twin jet can be negligible in the present study.
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Aeroacoustic fields of multiple supersonic jets
In chapter 4, the aeroacoustic fields of twin jets were experimentally investigated as the simplified
model of the multiple supersonic jets. The present study focuses on the interaction of each jet
and it was investigated with changing the nozzle spacing of each jet. The ideally expanded
supersonic twin jets at the Mach number of 2.0 were investigated by means of PIV, schlieren
visualization and acoustic measurement. The results of twin jets were compared with those of
single jet and the interaction effect on the aeroacoustic fields is discussed.
The aeroacoustic fields of twin jets were experimentally investigated as the simplified model
of the multiple supersonic jets. The present study focuses on the interaction of each jet and it
was investigated with changing the nozzle spacing of each jet. The ideally expanded supersonic
twin jets at the Mach number of 2.0 were investigated by means of PIV, schlieren visualization
and acoustic measurement. The results of twin jets were compared with those of single jet and
the interaction effect on the aeroacoustic fields is discussed.
The temporal averaged velocity fields showed that the axial velocity at the symmetry line
qualitatively evaluates the interference of the velocity fields. The interference of each jet rapidly
occurs at the upstream side in the case of the narrow nozzle spacing (s/D = 1.55) and the
interference position moves towards the downstream side with increasing the nozzle spacing.
The shear-layer-growth-rate showed that the twin jets of s/D = 1.55 elliptically spreads towards
the downstream side due to the strong interaction. On the other hand, the effect of the interaction
decreases with increasing the nozzle spacing.
The turbulent statistics of twin jets showed that the maximum absolute value of Reynolds
stress in the inner shear layer decreases with decreasing the nozzle spacing. This result indicates
that the turbulent mixing is suppressed due to the relaxation of the velocity gradient in the inner
shear layer in the case of the narrow nozzle spacing. This seems to lead to the noise amplification
at φ = 90◦ observed in far-field acousticmeasurements. The standard time-domain POD analysis
of the velocity fields showed the interaction of coherent structures at the downstream side even
in the large nozzle spacing (s/D = 5).
The DMD analysis of double-pulsed schlieren images showed that DMD modes with high
amplitude appear at the high frequency and the low frequency regardless of the nozzle spacing.
The interaction of the high frequency asymmetrically occurs near the end of the potential core
and it seems to relate to the generation of the broadband shock associated noise at St ≈ 0.3. The
interaction of the low frequency in the case of s/D = 1.55 shows the symmetric coupling of
large-scale turbulent structures at the downstream side and this relates to the noise amplification
of the low frequency observed in the far-field OASPL distribution.
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The OASPL of all the cases has a large amplitude at the downstream side because of the
directivity of the Mach wave emission. The effect of the azimuthal angle φ on the OASPL
distribution does not appear in the case of s/D = 1.55 and its distribution is similar to that
of a single jet with a lower SPL. Therefore, the twin jets configuration with the narrow nozzle
spacing seems to make the amplitude of the OASPL small at the entire field. On the other hand,
the jet shielding effect appears at φ ≈ 0 ∼ 30 in the cases of s/D ≥ 2. The noise reduction
due to the shielding effect decreases with increasing the nozzle spacing because of the changes
in the shadow zone. The shielding effect only appears at the downstream side because the total
reflection of the acoustic wave occurs due to the low incident angle of the acoustic waves at
the downstream side. The frequency dependence of the shielding effect was also observed in
OBSPL distribution and the noise reduction is significantly small in the low-frequency side.
This seems to be due to the diffraction of acoustic waves which retain the noise level of the
shadow zone because the acoustic waves with large wavelength are easy to diffract.
Outlook
The obtained results of this thesis showed the interaction of aeroacoustic fields of each jet at the
fundamental condition of ideally expanded jets. This can be the database of the aeroacoustic
fields of multiple supersonic jets which are often used for a propulsion system of a recent rocket.
The database can be used for constructing the prediction model of the rocket-launch noise.
Moreover, the database of the interactions regarding the nozzle spacing is especially useful to
interpret the multiple jet dynamics by the superimposing of simplified phenomena of each jet
interaction. In addition, the analysis methods for a laboratory-scale jet can be applied for various





Effect of Visualized Turbulent Scale on SIV
The SIV measurements were performed and the dependence of the visualized turbulent scale on
the measured convection velocity was investigated. The experimental setup was completely the
same as described in Section 2. In this section, the brightness of the schlieren image was varied
by changing the cutoff ratio of schlieren light in order to vary the scale of the visualized turbulent
structures. If the brightness of the image in the case of a shadowgraph is 100%, the brightness
will be 50% in the conventional schlieren image. In addition to these conventional visualizations,
schlieren image with the knife-edge of 25% cutoff was employed for the measurements. The SIV
results in Section 2 showed that the scale of the visualized turbulent structures in shadowgraph
images is smaller than that of schlieren images. Therefore, the schlieren image of 25% cutoff
is expected to visualize the turbulent structures of which scale is between the shadowgraph and
conventional schlieren images. The SIV results of the schlieren image of 25% cutoff are also
expected to show the axial velocity between them.
Figure A.1 shows the axial velocity distributions of each case. This figure shows the
reasonable velocity profile of a supersonic jet. Figure A.2 shows the radial profile of the axial
velocity at each streamwise position. The velocity of the shadowgraph image shows good
repeatability of the measurement. On the other hand, the velocity of the schlieren image with
50% cutoff of a knife-edge is relatively large compared with the original measurement. This
seems to be due to the slight difference of the optical setup of schlieren. In addition, the velocity
of schlieren image with 25% cutoff of knife-edge seems to be larger than that of schlieren image
with 50% cut off.
Figure A.3 shows the comparison of axial velocity with the convection velocity. The velocity
of the shadowgraph image shows good repeatability of the measurement and they agree well
with the convection velocity as described in Section 2. The velocity of schlieren image with
25% cutoff of a knife-edge is slightly larger than that of schlieren image with 50% cut off. This
seems to be due to the changes in the scale of the visualized turbulent structures. The schlieren
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image of 25% cutoff likely represent the superposition of the density gradient fields and the
second derivative of the density fields. This may lead to a slightly large velocity compared to





(b) Velocity calculated from the schieren image with knife-edge of 25%
(c) Velocity calculated from the schlieren image with knife-edge of 50%
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(a) Velocity calculated from the shadowgraph image
Figure A.1: Axial velocity distributions of SIV.
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